The majority of more than 1000 proteins present in mitochondria are imported from nuclear-encoded, cytosolically synthesized precursor proteins. This impressive feat of transport and sorting is achieved by the combined action of targeting signals on mitochondrial proteins and the mitochondrial protein import apparatus. The mitochondrial protein import apparatus is composed of a number of multi-subunit protein complexes that recognize, translocate, and assemble mitochondrial proteins into functional complexes. While the core subunits involved in mitochondrial protein import are well conserved across wide phylogenetic gaps, the accessory subunits of these complexes differ in identity and/or function when plants are compared with Saccharomyces cerevisiae (yeast), the model system for mitochondrial protein import. These differences include distinct protein import receptors in plants, different mechanistic operation of the intermembrane protein import system, the location and activity of peptidases, the function of inner-membrane translocases in linking the outer and inner membrane, and the association/regulation of mitochondrial protein import complexes with components of the respiratory chain. Additionally, plant mitochondria share proteins with plastids, i.e. dual-targeted proteins. Also, the developmental and cell-specific nature of mitochondrial biogenesis is an aspect not observed in single-celled systems that is readily apparent in studies in plants. This means that plants provide a valuable model system to study the various regulatory processes associated with protein import and mitochondrial biogenesis.
Introduction
While the eukaryotic cell is defined by the presence of a nucleus, a greater understanding of mitochondrial endosymbiosis in terms of host and endosymbiont has led to the proposal that it was mitochondrial endosymbiosis that triggered the evolution of the eukaryotic cell (Lane and Martin, 2010) . However, the well-defined biochemical entity of the mitochondrion that is intensively studied today in terms of aerobic metabolism differs considerably from the original endosymbiont from which mitochondria were derived (approximately 1.8 billion years ago), which was likely euxinic (Muller et al., 2012) . The loss or transfer of genes to the nucleus and the evolution of multicellular organisms has driven the evolution of mitochondria (Adams and Palmer, 2003) , which vary to some degree among organisms that are defined as eukaryotes, and yet the common origin is clearly evident. Mitochondria (and associated organelles such as mitosomes and hydrogenosomes) (Muller et al., 2012) have greatly reduced genomes, encoding from three to 96 proteins in Plasmodium falciparum and Reclinomonas americana, respectively (Gray, 2012; Burger et al., 2013) , with all proteins (with a few exceptions) required for DNA replication, transcription, and translation encoded in the nucleus. Thus, it could easily be concluded that mitochondria are 'slaves' to the will of nuclear control. However, with the greater resolution of mitochondrial function that has come with the use of various 'omic' technologies (Rode et al., 2011; Lee et al., 2013; Sweetlove and Fernie, 2013; Law et al., 2014; Sweetlove et al., 2014) , it is becoming increasingly clear that mitochondria have many functions beyond aerobic metabolism. Thus, while the genome is small in size, mitochondria exert control over cellular function well beyond the simple enzymatic functions of the few encoded proteins. The involvement in signalling cell death, in reactive oxygen species production and redox signalling is a testament to how mitochondria influence not only gene expression but also ultimately the life and death of a cell, which cannot be directly evaluated from genome content alone.
In this review, we will look at the molecular machinery and proteins that are required to make mitochondria in plantsfrom a direct construction point of view, to a definition of how the mitochondrion is built in terms of protein content, to the signals that affect the expression and/or activity of these components-in order to gain some insight into how mitochondrial biogenesis is regulated in cohort with cellular function and how mitochondrial function contributes to defining cellular function. While the machinery that is involved in mitochondrial protein import is conserved to some degree across wide phylogenetic gaps, regulation of this process is likely to vary considerably among organisms. Thus, the process of studying mitochondrial biogenesis has moved from defining the components to defining how these components can be regulated at a variety of levels. While this review will deal with the process of protein import into mitochondria and the regulation of this process in plants, clearly much can be learnt from the same process in other eukaryotic systems. Finally, critical gaps in our knowledge in terms of mitochondrial biogenesis will be discussed, with possible avenues on how this knowledge can be overcome.
Protein import pathways into mitochondria
A variety of protein import pathways operate in plant mitochondria ( Fig. 1 ) that appear to exist in all eukaryotes. The general import pathway describes the import of mitochondrial proteins that contain N-terminal targeting signals (cleavable or non-cleavable). The primary signal defines a matrix location, with secondary signals sorting proteins to the inner membrane or intermembrane space (IMS) using either the conservative sorting or stop-transfer pathways.
This pathway uses the translocase of the outer membrane (TOM) and the translocase of the inner membrane 17:23 (TIM17:23). Removal of the cleavable signal is catalysed by the mitochondrial processing peptidase (MPP), and a variety of additional peptidases can also remove secondary signals that are as yet not so well characterized in plants compared with yeast (Saccharomyces cerevisiae) ( Table 1) . Subsequent breakdown of the cleaved presequences is carried out by a number of peptidases, where research in plants has been a leader in defining these processes (Stahl et al., 2002; Kmiec et al., 2013) . The carrier import pathway describes the import of inner-membrane proteins that contain multiple transmembrane regions. It is named after the mitochondrial carrier protein (MCP) family, which consists of up to 58 members in Arabidopsis (Arabidopsis thaliana) and 73 in maize (Zea mays) (Palmieri et al., 2011) . This pathway utilizes the TOM complex in the outer membrane, a variety of small TIM proteins in the IMS and the translocase of the inner-membrane 22 (TIM22). The mitochondrial targeting signal for these proteins is located in the mature region of the protein. However, some carrier proteins in plants and other organisms also contain a cleavable N-terminal signal that may increase the efficiency of import (see below). In plants, MPP catalyses the first cleavage of these N-terminal extensions (Murcha et al., 2004b) . The third pathway for protein import into plant mitochondria describes the import of IMS proteins, called the mitochondrial IMS assembly pathway (MIA). It describes the import of a variety of proteins in the IMS that contain twin cysteine residues and utilizes the TOM complex and the MIA machinery. The signal for mitochondrial targeting is also in the mature protein. The fourth import pathway into mitochondria describes the import of β-barrel proteins into the outer membrane and uses a combination of two outer-membrane complexes, TOM and the sorting and assembly machinery (SAM), with the involvement of small TIM proteins of the IMS.
A variety of other protein import pathways also exist that are more specialized for specific proteins or groups of proteins and are as yet not as fully understood as the main protein import pathways described above (Fig. 2) . The import of C-terminal tail-anchored proteins into the mitochondrial outer membrane appears to be independent of any protein component in the outer membrane, but the ergosterol content appears to play a critical role in determining import specificity in yeast (Krumpe et al., 2012) (Fig. 2) . For single-membranespanning proteins of the outer membrane, such as Mim1 in yeast, a cytosolic co-chaperone J-domain-containing protein appears to play a role in import along with Tom70 ( Fig. 2 ) (Papic et al., 2013) , and both Mim1 and Mim2 play a role in the import of the outer-membrane multi-spanning helical protein (Fig. 2) . The import of cytochrome c into the IMS follows a unique pathway. In Neurospora crassa, a cytochrome c precursor inserts spontaneously into the outer membrane, where it is bound by haem lyase. Subsequent insertion of haem and folding acts as the driving force to pull cytochrome c across the outer membrane ( Fig. 2) .
Synthesis of organellar proteins in the cytosol and targeting signals
Despite both endosymbiotic organelles (mitochondria and chloroplasts) containing their own genomes, the majority of organellar proteins (about 1000 in mitochondria and 3000-4000 in chloroplasts) are encoded by nuclear genes, synthesized on cytosolic polyribosomes, and imported into the organelle (Millar et al., 2005; Meisinger et al., 2008; Zybailov et al., 2008) . Targeting of newly synthesized proteins and their import into the correct organelle requires the presence of organelle-specific targeting signals and involve complex intracellular protein trafficking machineries, consisting of different cytosolic factors, molecular chaperones, and organellar-specific translocases.
Features of targeting signals
Traditionally, it was considered that the majority of mitochondrial proteins have cleavable presequences; however, this was based on the characterization of abundant, usually matrix-located proteins . However, with an increasing number of proteins characterized in the outer membrane and IMS and less abundant proteins in the inner membrane and matrix, it is apparent that possibly up to 50% of mitochondrial proteins may not contain a cleavable presequence. Using mass spectrometry analysis of mitochondrial proteomes, it was estimated that, in plants, proteolytic processing occurs in ~70% of all mitochondrial precursors (e.g. 69% in A. thaliana and 77% in O. sativa) , a number similar to what has been observed for yeast mitochondrial proteins (Huang et al., 2009a; Vogtle et al., 2009) . Even this may be an overestimation, as hydrophilic proteins are more represented in mass spectrometry datasets. In a detailed study of complex I in Arabidopsis, just three of 28 proteins of the membrane arm were reported to contain a cleavable N-terminal extension (Braun et al., 2014) . The N-terminal cleavable presequences (mitochondrial targeting) and transit peptides (chloroplast targeting) are usually found in precursor proteins destined for the mitochondrial matrix or the chloroplastic stroma, respectively (Mossmann et al., 2012; Teixeira and Glaser, 2013) . There are also bipartite N-terminal cleavable targeting peptides found in proteins destined for other intra-organellar compartments. The bipartite targeting peptides are usually structured in two domains with an N-terminal part containing the organellar targeting information followed by a sorting signal for intraorganellar destination (Bomer et al., 1997) . Additionally, non-cleavable, poorly characterized signals located internally within the precursor protein have been found in hydrophobic membrane proteins (Ferramosca and Zara, 2013) . Overview of protein import pathways into mitochondria. There are four major protein import pathways into mitochondria. The general import pathway describes the import of proteins that contain N-terminal targeting information (cleavable or non-cleavable) and uses the translocase of the outer membrane (TOM) and the translocase of the inner-membrane 17:23 (TIM17:23), and the associated presequence-assisted motor (PAM). The carrier import pathway describes the import of multi-spanning inner-membrane proteins and takes it name from the mitochondrial carrier protein (MCP) family. Targeting information is internal in the protein sequence and utilizes TOM, the small Tim proteins of the intermembrane space and the translocase of the innermembrane 22 (TIM22). The mitochondrial IMS assembly pathway (MIA) describes the import of twin cysteine proteins into the IMS. Targeting information is internal in the protein and it utilizes TOM and MIA. The sorting and assembly machinery (SAM) of the outer membrane describes the import of β-barrel proteins into the outer membrane. Targeting information is internal in the protein and it utilizes TOM, the small Tim proteins of the IMS, and SAM. The N-terminal cleavable targeting peptides are necessary and generally sufficient to target the native protein to the correct organelle. Furthermore, they can also target a non-organellar passenger protein to a respective organelle (Lee et al., 2012) . The length of plant mitochondrial presequences was shown to vary between 11 and 109 aa in Arabidopsis and 18 and 117 aa in rice (O. sativa), but the majority are in the range of 20-70 aa, with an average length of 50 and 45 residues in Arabidopsis and rice, respectively (Zhang and Glaser, 2002; Huang et al., 2009b; Braun et al., 2014) . The plant presequences are generally 15-20 aa longer than presequences of yeast and mammals (Schneider et al., 1998; Huang et al., 2009a) . No characteristic targeting sequence motifs have been found, but presequences exhibit a high content of hydrophobic (alanine, leucine, phenylalanine, valine), hydroxylated (serine) and positively charged (arginine, Protein import into mitochondria | 6305 lysine) amino acids, and almost completely lack negatively charged amino acid residues. In particular, arginine, serine, alanine, and leucine are dominant and represent about 50% of all amino acids. Also, proline and glycine are abundant. Generally, plant presequences are similar in amino acid content to non-plant presequences, but they show a higher abundance of serine, and in rice presequences are especially rich in alanine (Huang et al., 2009a) . Interestingly, plant presequences are similar to chloroplast transit peptides with respect to the amino acid composition. However, some differences have been found. Transit peptides are typically between 50 and 70 aa, about 10 residues longer than the presequences Huang et al., 2009b) . Furthermore, investigation of amino acid distribution has revealed distinctions with relevance to functional properties. Comparison of the N-terminal portion of 16-20 aa of the plant presequences with transit peptides using sequence logos and statistical analysis revealed greatly increased amounts of arginine, as well as decreased amounts of proline and serine Berglund et al., 2009b) . Furthermore, calculation of the hydrophobicity values of the first 10 aa showed that presequences are more hydrophilic than transit peptides. The average isoelectric point (pI) values of the presequences in Arabidopsis and rice are basic (11.6 and 11.8, respectively), whereas the average pI value for transit peptides is 11.3 (Huang et al., 2009a) . Multivariate analysis of large datasets of presequences and transit peptides from Arabidopsis clearly distinguished mitochondrial and chloroplastic targeting peptides and showed that, within the N-terminal 19 aa segment, the neighbouring residues were mutually dependent. The residues of chloroplastic transit peptides were dependent on side chain size or volume, whereas residues of mitochondrial presequences were more dependent on the polarity or charge in combination with hydrophobicity (Ge et al., 2014) . This finding correlates well with previous studies showing that the mitochondrial presequences have the propensity to form amphiphilic α-helices (Roise et al., 1986; von Heijne, 1986; Moberg et al., 2004) . This property of presequences has been shown to be important for interaction with the mitochondrial import receptor, Tom20, in yeast (Abe et al., 2000) and also in Arabidopsis (Perry et al., 2006; Rimmer et al., 2011) . Bioinformatic prediction studies demonstrate that almost all known plant presequences (84% in Arabidopsis and 90% in rice) form an α-helix within the first 10 aa, whereas only about 30% of transit peptides exhibit an α-helical structure (Bruce, 2000; Zhang and Glaser, 2002; Huang et al., 2009b) . This has been confirmed by nuclear magnetic resonance structural determination; for example, the presequence of the F1β subunit of ATP synthase from Nicotiana plumbaginifolia, which forms two α-helices in a membrane mimetic environment with the most N-terminal helix encompassing an amphiphilic character (Moberg et al., 2004) . In contrast, transit peptides are mostly unstructured and they show a much higher predictable content of β-sheet domains: 21% in comparison with the value of 2-3% for plant presequences (Bruce, 2001; Huang et al., 2009b) . It has been suggested that there are not specific sequences but rather certain structural or physio-chemical features that are recognized by organellar import receptors and organellar import machineries Schleiff and Becker, 2011) . The chloroplastic transit peptides have been proposed to be structured in domains, with the N-terminal domain mediating binding to the receptors, the middle domain being important for envelope translocation, and the C-terminal domain being vital for proteolytic processing (Rensink et al., 2000) . However, the organization can Fig. 2 . Specialized protein import pathways into mitochondria. A number of proteins do not follow or diverge from the main import pathways. Tail-anchored outer-membrane (OM) proteins (such as Gem1) have been reported not to require any proteinaceous component for insertion into the outer membrane; rather, the presence of the lipid ergosterol is important. Single-spanning outer-membrane proteins such as Mim1 use the co-chaperone Djp1 and Tom70 for import. Multi-spanning membrane proteins of the outer membrane (Ugo1) require Mim1 and Mim2. The IMS protein cytochrome c (Cyt c) has been reported to use the IMS protein cytochrome c haem lyase (CCHL) as a receptor, where addition of haem is linked to translocation across the membrane. be more complex and the different domains can overlap (Lee et al., 2006) . A series of elegant chloroplast import studies from the Bruce laboratory demonstrated strong specificity to recognition domain organization on transit peptides, which correlated with the N-terminal placement of a strong Hsp70 recognition element (Chotewutmontri et al., 2012) . Nearly all plant presequences and transit peptides contain Hsp70-binding motifs (Zhang and Glaser, 2002) .
While the features of mitochondrial presequences are well studied with respect to targeting protein into or across the mitochondrial inner membrane, much less is known about the signals that target proteins to the outer membrane and IMS. While some information is known on these systems from yeast, the situation is more complex in plants. In studies on targeting of signal-anchored proteins in mammalian and yeast systems, it was concluded that moderate hydrophobicity of the transmembrane region is critical. When the hydrophobicity of the transmembrane region of rat Tom20 was increased, it was targeted to the endoplasmic reticulum (ER) instead of the mitochondria (Waizenegger et al., 2003) . A study on the targeting of a number of ER, mitochondrial, and chloroplast signal-anchored proteins in Arabidopsis showed that moderate hydrophobicity (<0.4 on the Wimley and White hydrophobicity scale) was important for targeting of both mitochondrial and plastid signal-anchored proteins, but it is unclear how they are sorted between mitochondria and plastids (Lee et al., , 2011 . A cytosolic ankyrinrepeat-containing protein 2 (two isoforms exist, AKR2A and AKR2B) has been shown to play a role in targeting of the signal-anchored proteins to the chloroplast outer envelope (Bae et al., 2008; Bédard and Jarvis, 2008; Kim et al., 2011) .
Likewise, for tail-anchored proteins, moderate hydrophobicity followed by positive residues are important for mitochondrial targeting in plants (Hwang et al., 2004) . For targeting of tail-anchored proteins to the chloroplast, the presence of additional targeting information such as a GTPase domain appears to be important. However, it does appear that different proteins use different mechanisms, and no established rule appears to be able to distinguish plastids and mitochondrial tail-anchored proteins (Lee et al., 2014) . Also, a cytosolic factor, an arsenite transporter (ARSA1), has been identified as playing a role in targeting of Toc34 to chloroplasts in Chlamydomonas (Formighieri et al., 2013) . Thus, it appears that there may be a number of cytosolic factors that provide specificity to tail-anchored proteins. In yeast, tail-anchored proteins located in the ER utilize a guided entry of the tail-anchored protein (GET) pathway, and isoforms of these factors may play a role in sorting proteins among mitochondria, plastids, and the ER in plants ( Lee et al., 2014) .
In the case of β-barrel proteins, it is unclear how they are sorted between mitochondria and plastids. Whereas some chloroplast β-barrel proteins contain a cleavable N-terminal sequence, some do not, and so the manner in which they are sorted is still unclear (Lee et al., 2014) . For β-barrel and other outer-mitochondrial-membrane and outer-chloroplast envelope proteins, the lipid composition of the membrane may play a role.
There have been no direct studies to define the features of IMS-targeting signals in plants. Targeting of proteins to the IMS in plants has been reported for proteins like AtMia40 and AtErv1, but the nature of the signals involved has not yet been determined (Carrie et al., 2010b) . In yeast, it has been reported that green fluorescence protein (GFP) tagging of twin cysteine proteins, a family of proteins found in the IMS in all eukaryotes, causes mis-localization to the cytosol (Gabriel et al., 2007) . In our experience, we have similarly seen that IMS proteins are mis-targeted to the cytosol when tagged with GFP in addition to poor in vitro import into isolated mitochondria (Y. Wang, M. W. Murcha, and J. Whelan, unpublished data). Thus, the targeting characteristics of these proteins will require alternative approaches to define these features in plants. Two studies in yeast have defined a targeting/ sorting signal for proteins to the IMS, called mitochondria IMS-sorting signal (MISS) and IMS-targeting signal (ITS), which are essentially the same signal Sideris et al., 2009) . The consensus signal is a 9 aa sequence (X-aromatic-XX-hydrophobic-hydrophobic-XX-C) that can target non-mitochondrial proteins to the IMS. This signal behaves like a classical N-terminal targeting signal in that it forms an amphiphilic structure to dock with the hydrophobic binding grove of Mia40 (Sideris et al., 2009) . Furthermore, MISS/ITS has been shown to function in another twin cysteine protein (Darshi et al., 2012) . Importantly, this latter study also revealed a role for myristoylation in binding to the outer membrane.
Specificity of import and dual targeting
Organellar protein import is usually very specific. It has been demonstrated in vivo using transgenic approaches as well as in vitro, studying organellar import of different constructs containing either mitochondrial or chloroplastic targeting peptides. These studies showed high targeting specificity that was dependent on the origin of the targeting peptide (Boutry et al., 1987; Silva-Filho et al., 1997) . However, mis-sorting of chloroplast proteins in vitro into mitochondria has been widely observed, whereas mis-sorting of mitochondrial proteins into chloroplasts has never been reported (Lister et al., 2001; Cleary et al., 2002; Huang et al., 2009b) . The experimentally detected in vitro mis-sorting and lack of in vivo evidence suggest the involvement of cytosolic factors in protein sorting, which will be discussed below. Based on bioinformatic and experimental data, it has been proposed that positive charges in the N-terminal region of mitochondrial presequences may function as an 'avoidance signal' for chloroplast import (Ge et al., 2014) . In order to abolish the mis-targeting of chloroplast precursors into mitochondria observed in vitro, a semi-native import system called a 'dual-import system' has been developed for simultaneous in vitro import of precursor proteins into isolated mitochondria and chloroplasts followed by re-isolation of the organelles. The mis-targeting can be successfully eliminated applying this system (Rudhe et al., 2002) . The mature protein may also play a role in the import of precursors into mitochondria and chloroplasts (Schleiff and Soll, 2000) . Regions in the mature portion of the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) have been shown to enhance the interaction with components of the chloroplast import apparatus (Dabney-Smith et al., 1999) . Another example is the presequence of the mitochondrial F A d protein, which could not support import of GFP as a passenger protein, but fusion of the full-length F A d coding sequence to GFP did result in mitochondrial localization of GFP .
Despite the fact that the mitochondrial and chloroplastic proteins contain targeting peptides that specifically direct them to a respective organelle, there are proteins that are dually targeted to both organelles. There are two types of dual targeting described in plants involving either twin presequences or an ambiguous dual-targeting peptide (dTP) (Peeters and Small, 2001; Silva-Filho, 2003; Mackenzie, 2005) . The twin presequences include two distinct targeting domains arranged in tandem. The expression results in production of two proteins with different targeting signals, due to the presence of two alternative in-frame translation initiation codons (Danpure, 1995; Silva-Filho, 2003) . However, the most common form of dual targeting in plants involves translation of a single protein from one gene with an ambiguous dTP (Carrie and Small, 2013) . This fact was originally documented for many aminoacyl-tRNA synthetases (Peeters and Small, 2001) . Currently, there are more than 100 known dual-targeted proteins from different plant sources, including enzymes related to translation, protection against oxidative stress, DNA synthesis and processing, cellular protein folding and turnover, and energy conversion (Carrie et al., 2009; Carrie and Small, 2013; Carrie and Whelan, 2013) . As many similar metabolic and genetic functions are required in both mitochondria and chloroplasts, it is not surprising that many similar (or identical) proteins are found in both organelles. The number of dual-targeted proteins is constantly growing, and based on a prediction program (ATP, Ambiguous Targeting Predictor), there might be as many as 523 dualtargeted proteins in Arabidopsis (Mitschke et al., 2009) . Some experimental data also suggest that the proportion of dual-targeted proteins might be unexpectedly high (Baudisch et al., 2014) . From comparisons of dual-targeted proteins in Physcomitrella patens, rice, and Arabidopsis it was determined that dual targeting arose early in land plant evolution and that the acquisition of dual targeting ability is still occurring (Xu et al., 2013) . Furthermore, it has been shown that the import of dual-targeted proteins takes place by the same import pathways that are used by organelle-specific proteins (Berglund et al., 2009b; Langner et al., 2014) . The purified presequence of threonyl-tRNA synthetase inhibited import of the F1β precursor into mitochondria and the SSU Rubisco precursor into chloroplasts (Berglund et al., 2009b) . The dual-targeted proteins GrpE and the elongation factor EF-Tu competed in translocation experiments into chloroplasts with the precursor of the 33 kDa subunit of the oxygen-evolving system and into mitochondria with the Rieske protein of the cytochrome bc 1 complex (Langner et al., 2014) .
Analysis of 43 dTPs from Arabidopsis showed that they are very similar to mitochondrial presequences and chloroplastic transit peptides in the overall amino acid composition and, as suggested previously, that they have an intermediate character in comparison with organellar-specific targeting peptides (Peeters and Small, 2001; Berglund et al., 2009a) . There is a significant increase in phenylalanines, leucines, and serines and a decrease in acidic amino acids and glycine in dTPs in comparison with presequences and transit peptides (Pujol et al., 2007; Berglund et al., 2009a) . The N-terminal portion of dTPs has significantly more serines than the presequences, and a much higher content of arginines than transit peptides. Lack of an amphiphilic α-helix has been observed (Peeters and Small, 2001) ; however, in some cases, an amphiphilic α-helix is present with a hydrophilic side chain formed by the polar residue serine (Pujol et al., 2007; Berglund et al., 2009b) . The circular dichroism spectra of the dTP of threonyl-tRNA synthetase indicated that the peptide has the propensity to form an α-helical structure in membrane mimetic environments (Berglund et al., 2009b) . It has been hypothesized that dTPs can be organized in domains where one domain is responsible for mitochondrial targeting and the other for targeting into the chloroplasts. Although some dTPs have been shown to have such an arrangement (Bassham et al., 1991; Hedtke et al., 2000; Bhushan et al., 2003; Rudhe et al., 2004; Baudisch and Klosgen, 2012) , most of the dTPs have overlapping signals for organellar targeting localized either in a N-terminal region of dTP or within the entire dTP (Chew et al., 2003; Berglund et al., 2009a; ) . This is indicative of more subtle sequence properties in dTPs being essential for import into both organelles. When multivariate data analysis and biochemical studies were used to study properties of organelle-specific targeting peptides and dTPs using specific datasets, it could be concluded that the dTPs cannot be separated from the organelle-specific targeting peptides and that they show an intermediate character. Interestingly, introducing positive charges to the N-terminal region of dTPs in silico allowed distinction between the organelles, which could be confirmed experimentally by mutagenesis of dTPs prior to in vitro organellar import studies (Ge et al., 2014) .
Very little is known about the regulation of organellar import of dual-targeted proteins. Experiments with hemicomplemented revertant plants, in which dual-targeted proteins were expressed exclusively to target only to one organelle (mitochondria or chloroplasts), showed that for the dual-targeted Lon and Presequence Protease (PreP) proteins, targeting to mitochondria alone was not sufficient to restore a normal growth phenotype (Daras et al., 2014; Kmiec et al., 2014) . In contrast, mitochondria-specific targeting of the MCP Brittle 1 transport protein (AtBT1), normally located in mitochondria and chloroplasts, restored a normal growth phenotype (Bahaji et al., 2011) . Experiments analysing the phenotypic and molecular effects of inactivating dual-targeted proteins, such as the dual-targeted RNA polymerase that is targeted to mitochondria and chloroplasts and the MutS homologue, suggest that inactivation leads to organelle-specific effects (Kuhn et al., 2009a; Xu et al., 2011) .
Another interesting observation is the occurrence of proteins that are dually localized to mitochondria and the nucleus (Duchene and Giege, 2012) . A few such proteins have been identified and characterized in plants (RNase Z, DNA ligase 1, thioredoxin, dihydrofolate reductase, APL transcription factor, PNM1 pentatricopeptide repeat protein), and it appears that most of these nucleo-mitochondrial proteins are involved in the control of gene expression. This makes them good candidates for the regulation and co-ordination of mitochondrial and nuclear gene expression. Dual targeting of these proteins is achieved by means of different targeting signals; the N-terminal presequence for targeting to mitochondria and the nuclear localization signal for targeting to the nucleus.
Several questions remain with respect to the targeting and role of dual-targeted proteins. First, understanding how a single targeting signal can be recognized by two distinct receptors and translocating machineries may not only give insight into how dual targeting is achieved but may also help understand the nature of location-specific targeting signals. Secondly, with respect to dual targeting, while alternative translation has been suggested to be a mechanism of dual targeting, e.g. Lon protease and an organelle DNA polymerase (Christensen et al., 2005; Daras et al., 2014) , the demonstration that a single mRNA does produce two different proteins in vivo in the cytosol that differ in their targeting abilities has yet to be shown and would represent a major step forward, as it may lead to the identification of cytosolic factors that regulate dual targeting and targeting to mitochondria in general. Finally, the factors that define the partitioning of dualtargeted proteins are unknown, but with the large difference in both surface area and volume between mitochondria and chloroplasts, the need to define partitioning probably exists.
Cytosolic molecular chaperones and kinases
The targeting of precursor proteins from the cytosol to mitochondria or chloroplasts requires the assistance of different cytosolic factors and molecular chaperones. These factors are essential to maintain the precursors in an import-competent conformation, to prevent aggregation, and might be involved in regulation of organellar targeting for instance at different times of the diurnal cycle or light growth periods. Several such factors have been reported over the years to be involved in binding to the mitochondrial and chloroplastic precursor proteins by interacting either with the targeting peptides or with a mature portion of the proteins, or both.
The general molecular chaperone Hsp70 has been shown in many instances to interact in the cytosol with organellar precursor proteins. This interaction maintains the precursor in an unfolded import-competent state facilitating import (for reviews, see Neupert, 1997; Voos and Rottgers, 2002; Flores-Perez and Jarvis, 2013) . As already mentioned, Hsp70-binding motifs have been found on almost all known plant presequences and transit peptides (Zhang and Glaser, 2002) . In non-plant systems, a number of other factors has been proposed to have a similar function, including proteins such as the presequence binding factor (PBF) (Murakami and Mori, 1990) , the targeting factor of 28 kDa (Ono and Tuboi, 1990) , the mitochondrial import stimulation factor (MSF) (Hachiya et al., 1994) , and the aryl hydrocarbon receptor-interacting protein (AIP) (Yano et al., 2003) . However, their role in protein sorting is not understood. Furthermore, there is a puzzling observation concerning organellar import of precursors synthesized in wheat germ extract. Whereas chloroplastic precursors are easily imported into isolated chloroplasts, the import of mitochondrial precursor proteins synthesized in wheat germ extract is inhibited. The dual-targeted glutathione reductase is only imported into chloroplasts and not into mitochondria when synthesized in wheat germ extract (Dessi et al., 2003) . These results suggest the presence of components in the wheat germ extract specifically inhibiting in vitro import into mitochondria (Dessi et al., 2003) .
Different cytosolic factors have also been shown to be involved in interactions with newly synthesized chloroplastic proteins. Chloroplast precursor proteins have been reported to be phoshorylated by cytosolic protein kinases (Waegemann and Soll, 1996; Martin et al., 2006; Lamberti et al., 2011) and then recognized by a 'guidance complex' composed of 14-3-3 proteins and Hsp70. The binding of the phosphorylated precursor to the guidance complex increases the rate of import into chloroplasts (May and Soll, 2000; Schwenkert et al., 2011) . However, the precursor protein has to be released from the guidance complex, which requires ATP hydrolysis, and dephosphorylated before it can be delivered to the chloroplast translocon TOC machinery (Agne et al., 2009; Aronsson and Jarvis, 2011; Schleiff and Becker, 2011) . It has also been proposed that the Hsp90 molecular chaperone is involved in the interaction with precursor proteins to prevent aggregation and to retain the protein in an unfolded state (Qbadou et al., 2006; Flores-Perez and Jarvis, 2013) .
Regulation of protein import by phosphorylation catalysed by cytosolic kinases has been shown for mitochondria in yeast. The key components of the TOM complex are phosphorylated by cytosolic kinases exerting either stimulatory or inhibitory effects on the biogenesis and function of the TOM complex by regulation of protein import into mitochondria (Schmidt et al., 2011; Gerbeth et al., 2013) . Phosphorylation of Tom20 and Tim17/Tim22/Tim23 in Arabidopsis and rice has also been reported (Nakagami et al., 2010; Meyer, 2012) ; however, there is no information concerning regulation of plant mitochondrial protein import by phosphorylation.
The outer membrane
The gateway to mitochondria comprises two multi-subunit complexes, TOM and SAM, the latter also referred to as topogenesis of β-barrel proteins or TOBs (Fig. 3 ) (Neupert and Herrmann, 2007; Chacinska et al., 2009) . The TOM complex plays a number of roles in mitochondrial protein import. First, with few exceptions, it is the primary binding/ recognition site for proteins destined to be located in mitochondria. Following binding to the TOM complex, proteins are translocated through the TOM channel and passed to one of a number of other protein complexes involved in protein import into mitochondria. Apart from β-barrel proteins that are sorted to the SAM complex in the outer membrane (Wenz et al., 2014) , all other proteins that bind to the TOM complex are passed to the IMS or inner-membrane complexes for import and sorting into the correct intra-organelle compartment.
The TOM complex
The TOM complex consists of eight subunits in yeast and plants, the cytosolic facing receptor subunits Tom20, Tom22 (Tom9 in plants), and Tom70, and the twin-pore-forming Tom40 channel, which spans the outer membrane and is associated with small Tom5, Tom6, and Tom7 (Fig. 3) . In yeast, Tom5, Tom6, and Tom7 are not essential (Table 1) . Precursor protein recognition generally occurs via the Tom20 receptor, which displays specificity for precursor proteins containing N-terminal targeting signals (presequences), while the Tom70 receptor (not present in plants) has been implicated in the import of precursors containing non-cleavable internal signals, i.e. carrier proteins (Brix et al., 1997; Abe et al., 2000) . Tom20 has been shown to exhibit a broad specificity against a range of presequences that do not possess a specific consensus sequence motif, but has the ability to distinguish among thousands of mitochondrial and non-mitochondrial proteins (Muto et al., 2001; Obita et al., 2003) . Structural studies of rat Tom20 bound to presequences suggest that recognition and binding may occur via multiple modes and are dynamic, allowing for multiple recognition sites and transfer to the Tom22 receptor (Saitoh et al., 2007) . Tom20 is a tetratricopeptide repeat (TPR)-containing protein that mediates protein-protein interactions. The typical mitochondrial presequence forms an amphiphilic α-helix and binds to the hydrophobic groove in Tom20, while the hydrophilic residues of the presequence are exposed to aqueous solvent as the hydrophobic groove is shallow. A consensus binding sequence of ΦXXΦΦ (Φ=any hydrophobic amino acid, X=any amino acid) has been proposed, with the binding site being as small as 8 aa .
While many mitochondrial protein import components display high levels of conservation among species, there are no orthologues to yeast or mammalian Tom20 in plants Carrie et al., 2010c) . Plant Tom20 was first identified by biochemical means from potato (Solanum tuberosum) (Heins and Schmitz, 1996) , and, while plant Tom20 proteins are of similar molecular mass to their yeast, mammalian, and fungal counterparts, they are of distinct and independent genetic origin, anchored to the outer membrane via the C terminus, which the reverse of what is observed in both animal and fungal models, and thus is proposed to have evolved from independent eubacterial ancestors (Werhahn et al., 2001; Perry et al., 2006) . Although the characterization of Arabidopsis Tom20 indicates that it is functionally equivalent to yeast Tom20, it contains a unique bidendate-binding site for precursor proteins that differs to that characterized in rat and yeast (Rimmer et al., 2011) . The presence of plastids in plant cells may have driven the selection of higher specificity binding for plant mitochondrial receptors, which is accompanied by the fact that plant mitochondrial presequences on average are longer than yeast and mammalian presequences. Thus, Tom20 represents an example of convergent evolution (Perry et al., 2006) , and, while all organisms contain a Tom20 protein, the plant protein is indicated to be plant specific as it is restricted to plants (Fig. 3) . The Arabidopsis genome contains four Tom20 genes of which three are functional and expressed . While the three isoforms of Tom20 show some variation in tissue and developmental expression profiles, even inactivation of all three Tom20 genes only results in some reduction in growth and development, albeit the rate of protein import via both the general Fig. 3 . The protein import machinery of the outer membrane. The TOM complex of the outer membrane is the gateway for entry of almost all proteins into mitochondria that are subsequently sorted to different intra-organelle locations. The TOM complex consists of the Tom40 channel, receptor subunits Tom20, Tom70, and Tom22, and the small Tom proteins 5, 6, and 7. Plants contain the novel subunits OM64 and Tom9 (instead of Tom22), and Tom20 in plants is not an orthologue of yeast Tom20, although it plays an analogous role as a receptor (see text for detail). The outer membrane also contains the SAM complex, which is required for the insertion of β-barrel proteins into the outer membrane with the aid of small Tim proteins of the IMS. It consists of the conserved protein Sam50; in yeast, it is Sam37 and Sam35, while in plants and animals metaxin is an associated subunit of the SAM complex. The leaf indicates receptors that have unique characteristics or are unique to plants.
and carrier pathway was reduced by over 70% . This suggests that additional receptors for protein import exist.
Analysis of a wide variety of plant genomes indicates that, while Tom20 is encoded by four genes in Arabidopsis, this varies from one in rice to five in clover (Medicago truncatula) (M. W. Murcha, R. Narsai, J. Devenish, S. KubiszewskiJukubiak, and J. Whelan, unpublished data). Thus, the functional implications of the multiple gene family are unclear. It does appear that any single Tom20 protein can suffice in Arabidopsis, although the Tom20-2 isoform does seem to contain some different features that may indicate that some neofunctionalization has taken place. Analysis of the mobility of the TOM complex on blue native (BN)-PAGE with only the Tom20-2 functional isoform produces an altered mobility compared with the other isoforms (unpublished data). Furthermore, phenotype analysis of plants under a variety of conditions reveals that a knockout line of tom20-2 alone displays some unique growth features such as retarded growth under some conditions, not observed when the other isoforms are inactivated (unpublished data).
Homology-based searches indicate that plants lack a Tom70 orthologue Carrie et al., 2010c) , although, as outlined above, it is likely that additional receptor proteins are present in the outer membrane of plant mitochondria. Thus, the structural aspects of mitochondrial precursor binding to Tom70 will not be discussed, as it is not directly relevant to how plant mitochondria recognize mitochondrial precursor proteins. One additional receptor protein candidate is the novel plantspecific outer-membrane receptor termed outer-membrane protein 64 (OM64) . OM64 is a paralogue of Toc64, a protein located on the outer envelope of chloroplasts (Sohrt and Soll, 2000) that has been reported to function as a protein import receptor in chloroplasts from pea (Pisum sativum) and Arabidopsis (Sohrt and Soll, 2000; Sommer et al., 2013) but not in Physcomitrella patens (Rosenbaum Hofmann and Theg, 2005) . Both Toc64 and OM64 have the ability to bind chaperone proteins Hsp90 and Hsp70 within their TPR domains (Panigrahi et al., 2013 (Panigrahi et al., , 2014 . A detailed combinatorial approach of analysing the binding affinities of Toc64, OM64, and an ER-located TPR protein, AtTPR7, to five cytosolic chaperones (HSP70 and HSP90 isoforms) revealed that OM64 binds HSP70 with higher affinity than HSP90, with TOC64 binding both with equal affinity. Also, some differences in binding affinities were observed with the HSP90 isoforms, revealing that small differences in amino acids composition can affect binding affinity (Schweiger et al., 2013) . While BN-PAGE analysis indicates that OM64 does not associate with the TOM complex, functional studies confirm that depletion of OM64 alone affects the import of selected mitochondrial proteins, suggesting that transient interactions with the Tom40 pore may occur . Also, while om64 mutants did exhibit mild phenotypic abnormalities, a quadruple knockout line, with deletions of all three Tom20 isoforms and OM64 combined displayed an embryo-lethal phenotype . This indicated an essential role for at least one of these four subunits as a protein import receptor .
Following transfer from Tom20 (or Tom70 in yeast), precursors interact with the Tom22 receptor protein (van Wilpe et al., 1999) , initiating transfer of precursors to the Tom40 channel (Brix et al., 1997; van Wilpe et al., 1999) . In yeast, Tom22 has been shown to be essential for viability (Table 1) (Lithgow et al., 1994) and has been implicated in the assembly of the TOM complex itself. Tom22 comprises a receptor domain plus an extended IMS domain, and the latter has been implicated in the transfer of preproteins from the Tom40 pore into the IMS to the TIM17:23 complex (Moczko et al., 1992; Court et al., 1996; Komiya et al., 1998) . In Arabidopsis, Tom22 is unique in that it is 50 aa shorter than yeast or human Tom22 lacking the cytosolic domain, with 99 and 94 aa (two isoforms in Arabidopsis) located integrally in the outer membrane, and, as such, Tom22 in plants is instead termed Tom9 (Macasev et al., 2000 (Macasev et al., , 2004 Carrie et al., 2010c) . Tom9 was first identified as the small 8 kDa protein biochemically purified as a subunit of the TOM complex from both potato and Arabidopsis (Jansch et al., 1998a; Werhahn et al., 2001) . While the functional properties of plant Tom9 have yet to be characterized, it is highly conserved in all Embryophyta species (Carrie et al., 2010c ; M. W. Murcha, R. Narsai, J. Devenish, S. Kubiszewski-Jukubiak, and J. Whelan, unpublished data). However, it is absent in the Chlamydomonadales and Ectocarpus (Carrie et al., 2010c ; M. W. Murcha, R. Narsai, J. Devenish, S. KubiszewskiJukubiak, and J. Whelan, unpublished data). It has been proposed that Tom9 lacking the cytosolic domain is in fact a mechanism to prevent the mis-targeting of chloroplast precursor proteins to plant mitochondria (Macasev et al., 2000 (Macasev et al., , 2004 Carrie et al., 2010c) . Tom9 is not present in the green algae Chlamydomonas reinhardtii and Volvox carteri, and only appears in the land plant Physcomitrella patens and Selaginella moellendorffii. Additionally, the cytosolic cisreceptor domain is also absent in Tom22 from Caenorhabditis elegans and Ectocarpus siliculosus (Carrie et al., 2010c ; M. W. Murcha, R. Narsai, J. Devenish, S. Kubiszewski-Jukubiak, and J. Whelan, unpublished data) and thus warrants further investigation into the evolution and function of Tom9 to determine if Tom9 is functionally and evolutionarily distinct in plant mitochondria.
Several small additional proteins, namely Tom5, Tom6, and Tom7, have also been isolated with the TOM complex and have been determined to have a role in the transfer of preproteins from the receptors to the Tom40 channel and in the assembly and maintenance of the TOM complex itself in yeast Schmitt et al., 2005; Becker et al., 2011) . The small Toms are conserved throughout plant species , with Tom7 identified as part of the TOM40 complex proteome in potato mitochondria (Werhahn et al., 2001 ) and Tom5 and Tom6 identified from BN gel analyses of the TOM complex from Arabidopsis (Werhahn et al., 2003) . Apart from limited orthology to yeast and mammalian counterparts, no biochemical or functional characterization of these proteins has been carried out in plants. Due to the non-essential nature of these proteins in yeast (Table 1 ) (Moczko et al., 1992) , and the apparent lack of all three orthologues in the lower eukaryotes Cyanidioschyzon merolae and Volvox carteri and the lack of at least one small Tom gene in most of the higher plant species (Carrie et al., 2010c ; M. W. Murcha, R. Narsai, J. Devenish, S. Kubiszewski-Jukubiak, and J. Whelan, unpublished data), these components remain to be functionally characterized in plants. However, it should be noted that, due to the small size of these proteins, direct orthology by sequence similarity can be difficult to ascertain and also small open reading frames may be missed in genome sequencing projects.
The SAM complex
The β-barrel proteins (porin, Tom40, and Sam50) of the mitochondrial outer membrane are transferred from the TOM complex to the SAM complex. In yeast, the SAM complex is composed of three subunits, Sam50, Sam35, and Sam37 (Kozjak et al., 2003; Kozjak-Pavlovic et al., 2007; Wenz et al., 2014) . Sam50 is the only essential subunit of this complex from yeast (Table 1) (Kozjak-Pavlovic et al., 2007; Bolender et al., 2008; Chan and Lithgow, 2008) . The peripheral proteins Sam35 and Sam37 associate with Sam50 and bind substrate proteins (Sam35) and release them from the complex (Sam37) (Kozjak-Pavlovic et al., 2007; Bolender et al., 2008; Chan and Lithgow, 2008) . Orthologues to Sam50 can be identified in all plant species tested, with many higher plants containing up to two or three isoforms (M. W. Murcha, R. Narsai, J. Devenish, S. Kubiszewski-Jukubiak, and J. Whelan, unpublished data). Orthologues to Sam35 or Sam37 are not as clearly identified, although Sam37 may be related to metaxin proteins. Metaxin was first identified in mammals as a gene required for embryonic development and was initially identified as being required for the uptake of some mitochondrial precursor proteins (Armstrong et al., 1997) . Subsequently, it was shown to be in a complex with Sam50 and to be involved in the import of β-barrel proteins in mammalian systems (Kozjak-Pavlovic et al., 2007) , although the latter report indicated that at least one metaxin in mammalian systems was in a complex distinct from Sam50. Fungal Sam37 and metaxin (human and plant) share some homology (albeit low) and contain similar glutathione S-transferase domains, although they differ in that they are predicted to be anchored via opposing transmembrane domains and thus it is unlikely that they share a common ancestor (Carrie et al., 2010c) . In addition, the lack of metaxin or Sam37 orthologues in Cyanidioschyzon merolae and Dictyostelium discoideum (M. W. Murcha, R. Narsai, J. Devenish, S. Kubiszewski-Jukubiak, and J. Whelan, unpublished data) suggests that the peripheral subunits of the SAM complex evolved independently in plant and fungal systems. Analysis of T-DNA insertional knockout lines of sam37/metaxin in Arabidopsis shows plants with severe phenotypic abnormalities and aberrations , including reduced abundance and import of the voltage-dependent anion-selective channel and Tom40. In fact, metaxin mutants showed decreased import uptake rates of all precursor proteins representative of all known mitochondrial import pathways , but this was concluded to be due to the defect in import of Tom40, thus affecting all protein import pathways into mitochondria.
Several additional components that have been shown to interact with the SAM complex in yeast such as Mdm10 (also known as Tom13), Mdm12, Mmm1 Mmm2, and Fcj1 are also involved in the assembly of Tom40 Yamano et al., 2010; Wideman et al., 2013) . These components have all been previously identified from mutants known to be defective in maintaining mitochondrial morphology and distribution (Sogo and Yaffe, 1994; Burgess et al., 1994; Berger et al., 1997; Youngman et al., 2004) and are subunits of a larger protein complex on the outer membrane and inner membrane, ERMES (ER mitochondrial encounter structure) and MINOS (mitochondrial inner organizing system) complexes.
In yeast, the ERMES complex has been proposed to aid in the exchange of phospholipids and calcium between mitochondria and the ER, with Mdm10 being located on the mitochondria, Mdm12 forming a cytosolic bridge between the ER and mitochondria, and Mmm1 located on the ER itself Kornmann et al., 2009; Yamano et al., 2010) . The interaction of Mdm10 with the SAM complex was further confirmed by studies showing Mdm10 interacting with TOM subunits (therefore also being named Tom13) (Ishikawa et al., 2004) . In addition, yeast mutants of Mdm10, Mdm12, Mmm1, and Mmm2 exhibit defects in β-barrel and Tom22 assembly Yamano et al., 2010; Wideman et al., 2013) . The ERMES complex has yet to be characterized in plants, and no orthologues could be identified by standard homology-based searches (M. W. Murcha, R. Narsai, J. Devenish, S. KubiszewskiJukubiak, and J. Whelan, unpublished data). However, using protein domain searches, proteins that share domains with ERMES subunits could be identified in Arabidopsis that merit further investigation (Kopec et al., 2010) . This includes proteins encoded by At3g18370 and At3g18370, both of which are predicted to contain the synaptotagmin-like, mitochondrial, and lipid-binding protein domains characteristic of the ERMES subunits proposed to be involved in the lipid transfer between the mitochondria and the ER. While these proteins have been identified as being located in the ER and are significantly larger than any of the yeast mitochondrial ERMES proteins, their interactions and dynamics may yield insights into the identification of proteins involved in mitochondrial-ER interaction in Arabidopsis. A biochemical characterization of ER-mitochondrial interactions in plants would greatly benefit a better understanding of lipid biogenesis in mitochondria, and also of signalling, where it has been shown that ER-located membrane-bound transcription factors are activated by proteolytic cleavage upon perturbation of mitochondrial function (De Clercq et al., 2013; Ng et al., 2013 Ng et al., , 2014 . As two other cellular stress signalling pathways also are activated via the ER (Nagashima et al., 2011; Howell 2013) , this may indicate that mitochondrial retrograde signalling is integrated with cellular signalling via the ER.
Fcj1, a component of the MINOS complex of the inner membrane, has also been associated with the TOM and SAM machinery. This complex was initially identified by characterization of a range of yeast mutants exhibiting altered cristae morphology (Harner et al., 2011; Hoppins et al., 2011; von der Malsburg et al., 2011; Alkhaja et al., 2012) and consists of eight subunits, Fcj1, Mio10, Aim5, Aim13, Aim37, Mdm1, MgM1, and Fzo1, with their main role proposed to be in the maintenance of the innermembrane architecture (von der Malsburg et al., 2011; van der Laan et al., 2012; Zerbes et al., 2012) . Interestingly, Fcj1 has also been implicated to be involved in the import of cysteinerich proteins located into the IMS (von der Malsburg et al., 2011) and shown to interact independently with the TOM and the SAM complex in the import of β-barrel proteins . While no orthologues to Fcj1 could be identified in a range of plant genomes (M. W. Murcha, R. Narsai, J. Devenish, S. Kubiszewski-Jukubiak, and J. Whelan, unpublished data), putative orthologues to other known MINOS subunits such as Mio10, Mdm1, and Mgm1 (although with low percentage identity and similarity) can be identified. Further biochemical and genetic characterization would be required to determine if the MINOS complex plays a specific role in mitochondrial biogenesis in plant systems.
Regulation of protein import at the outer membrane
While the composition of the mitochondrial outer-membrane protein import machineries is becoming better characterized in a variety of organisms, the processes or switches that may control the import of protein at the outer membrane are only beginning to emerge. In yeast, a variety of mechanisms have been reported to affect import of specific precursor proteins (Fig. 4) , i.e. binding to substrate in the cytosol, phosphorylation of the presequence, rapid folding, or global control of protein import by phosphorylation of components of the protein import apparatus. In the latter case, a cytosolic kinase, casein kinase 2 (CK2), phosphorylates Tom22 and activates protein import, or Mim1, which is required for the import of Tom20 and Tom70. On the other hand, phosphorylation of Tom40 by protein kinase A inhibits import that is linked to the availability of sugar. A variety of other kinases are also reported to be involved in regulation or interacting with TOM components in yeast.
As yeast is a single-celled facultative anaerobe, how much of the regulation observed in yeast is directly transferable to other organisms may be quite limited. However, it is likely that there is regulation at the TOM complex in other organisms, but experimentally it is harder to elucidate, as it may operate in a cell-or tissue-specific manner or it may be diurnally affected and there will probably be a developmental input. Also, it is notable that, in both yeast and plants, the rate of import seems to be controlled by the amount of the inner-membrane translocase TIM17:23 (see below) , as opposed to the TOM complex, and thus the regulation observed may be an on/off switch. It is notable that diurnal regulation of protein import into isolated tobacco (Nicotiana tabacum) mitochondria was reported some years ago (Dessi and Whelan, 1997) , in that isolated mitochondria from tobacco only appear to be import active when isolated from the dark growth period. This may indicate that there is a diurnal regulation of protein import in plants, but that it is generally overlooked, as most import assays are carried out from young, actively growing tissue, which display higher rates of import compared with older tissue. It is notable Fig. 4 . The various points at which regulation has been reported or suggested for protein import into mitochondria. Control of the uptake of proteins into mitochondria can begin with (1) transcription in the nucleus that has been reported to be under diurnal regulation. Following transcription (2), selective targeting of mRNA for mitochondrial proteins to the mitochondrial surface may occur. Phosphorylation of Tom40 or phosphorylation of presequence (3) may be responsible for diurnal regulation or protein import into plants, and could be linked to changes in sugar or starch content. A membrane potential is essential for import (4). In both yeast and plants (5), the abundance of TIM17:23 is rate limiting for import, and in Arabidopsis, the amount of TIM17:23 may be linked to the abundance of complex I of the mitochondrial respiratory chain. Finally, turnover of components catalysed by proteases or the ubiquitin-proteosome system could be linked to developmental regulation (6).
that, in the study with tobacco where this diurnal difference in import was observed, those mitochondria were isolated from single large leaves that were developmentally mature. Thus, studies in Arabidopsis would miss this form or regulation where all the plant tissue is often harvested to gain sufficient material for studies. Finally, as was referred to above, it does appear that at least one form of Tom20 in Arabidopsis, Tom20-2, does interact or is modified in a different manner compared with the other Tom20 isoforms.
Novel roles of the TOM complex
While the TOM complex is defined by its role in protein import, it also may be involved in other aspects of mitochondrial biogenesis and function. There is an increasing number of reports that mRNA is 'bound' to the mitochondrial surface (Marc et al., 2002; Eliyahu et al., 2010; Michaud et al., 2010) . Furthermore, plant mitochondria import a variety of tRNA molecules required for mitochondrial translation (Sieber et al., 2011) . It would be interesting to note whether the TOM complex had any role in these processes. It has been reported that the enzymes involved in glycolysis are bound to the mitochondrial surface (Graham et al., 2007) ; again, any role for the TOM complex in this process merits investigation.
The intermembrane space
The mitochondrial IMS contains small, soluble, cysteine-rich proteins termed Tim8, Tim9, Tim10, and Tim13 (Fig. 5) . In yeast, they form hexameric chaperone complexes to direct proteins of the carrier import pathway to the TIM22 channel for insertion through and into the inner membrane, and are involved in β-barrel protein import by directing proteins to the SAM complex . The import of the small Tims themselves requires the specialized MIA pathway encompassing the essential proteins Mia40 and Erv1 proteins (Table 1) , as well as Hot13, which is more species specific (Fig. 5) , involved in the oxidative folding and maturation of cysteine-rich IMS proteins through the formation of disulphide bonds between cysteine residues in the disulphide relay system (Hell, 2008) .
The small Tims
The small Tims belong to a conserved family of proteins present in all eukaryotic species including plants (Carrie et al., 2010c) . In yeast, Tim9 and Tim10 form a hexameric chaperone complex (both genes known to be essential for yeast viability; Table 1 ), to transfer carrier proteins from the TOM complex to the inner-membrane TIM22 complex (Koehler et al., 1998; Senapin et al., 2003; Davis et al., 2007) . The Fig. 5 . The protein import machinery of the IMS. Twin cysteine proteins are imported into the IMS via the MIA. MIA consists of Mia40 and Erv1 (essential for respiration and viability), with Hot13 being yeast specific. The ultimate electron acceptor is oxygen, as Erv1 can reduce cytochrome c of the electron transport chain. In plants and trypanosomes, Erv1 can catalyse this pathway without Mia40, as Mia40 is not an essential protein in plants and is absent in trypansomes. The IMS also contains the small Tim proteins that are involved in protein sorting via the carrier pathway to TIM22 and the β-barrel pathway to SAM (see Fig. 1 ).
substrate specificity of the TIM9:10 complex has so far been shown for the ATP/ADP translocator and Tim17 and Tim22 (Vasiljev et al., 2004; Wiedemann et al., 2004; Webb et al., 2006) . While not essential for yeast viability (Table 1) , Tim8 and Tim13 form a similar chaperone complex and have been shown to be involved in the import of specific substrates such as Tim23 and asparate-glutamate carriers (Roesch et al., 2004; Davis et al., 2007) . However, it is known that Tim23 is essential for viability , and thus, in the absence of Tim8 and/or Tim13, the Tim9:10 complex must be able to compensate to maintain viability. Tim9:10 is also involved in the insertion of the TOM40 and porin, indicating that the small Tim chaperone proteins also play a role in the import of β-barrel proteins (Roesch et al., 2004; Davis et al., 2007) . It has been shown that the TOM and SAM complex form a supercomplex with the cytosolic domain of Tom22 linking the TOM and SAM complexes, therefore combining both the import and export of β-barrel proteins. The small Tim protein Tim10 was also shown to be bound to the intermediate with the TOM-SAM supercomplex (Qiu et al., 2013) .
Phylogenetic analysis reveals orthologues to almost all the small Tims in most plant species analysed, with Tim9, Tim10, and Tim13 appearing in the green algae Chlamydomonas reinhardtii and Tim8, Tim9, and Tim13 present in Volvox carteri (M. W. Murcha, R. Narsai, J. Devenish, S. KubiszewskiJukubiak, and J. Whelan, unpublished data). Thus, it appears that Chlamydomonas reinhardtii and Volvox carteri lack one small Tim protein each, Tim8 and Tim10, respectively. While this may be interesting at a biological level, the ability of genome assembly projects to correctly annotate small proteins means that this may be simply an artefact. The exception is Tim12, which appears to be unique to yeast, along with an inner-membrane protein, Tim54. Detailed phylogenetic analyses of the small Tim proteins suggest that Tim12 belongs to the Tim10 family and is species specific (Gentle et al., 2007) . Biochemical evidence regarding the role of the small Tims in plant mitochondria was first shown by a direct biochemical reconstitution assay in potato mitochondria (Lister et al., 2002) . This study showed that mitochondria depleted of IMS proteins exhibited reduced rates of import of the carrier pathway only. Furthermore, the rate of import could be stimulated by the addition of IMS fractions (Lister et al., 2002) . Tandem mass spectrometry (MS/MS) sequencing of these fractions identified orthologues to Tim9 and Tim10 correlating to import ability (Lister et al., 2002) . Further biochemical characterization observed that IMS fractions containing small Tim proteins could stimulate the import and assembly of carrier proteins that contained N-terminal cleavable presequences (present on a variety of, but not all, plant MCPs) to a greater extent than those with internal targeting signals only (Murcha et al., 2005a) . The mechanisms involved in the import and processing of plant MCPs appears to differ in some aspects from that in yeast, in that two-step processing occurs for carrier proteins that contain a cleavable presequence, and the first processing is carried out by MPP, indicating it occurs in the matrix (Murcha et al., 2004b (Murcha et al., , 2005b . Both AtTim9 and AtTim10 have been shown to be essential for viability (Deng et al., 2014) .
The MIA pathway
The disulphide relay system or the MIA pathway facilitates the import of cysteine-rich proteins located in the IMS containing twin CX 9 C or CX 3 C motifs involving Mia40 and Erv1, proteins essential for yeast viability (Table 1) Mesecke et al., 2005; Rissler et al., 2005; Terziyska et al., 2005) . Mia40 oxidizes the cysteine residues of its substrates, and subsequently is oxidized by Erv1 (Hell, 2008) . Originally identified to be involved in the import of the small Tims , the MIA pathway and its disulphide bond formation and folding is now implicated in the import of an increasing number of substrates, including several cytochrome c oxidase assembly subunits (Fraga et al., 2014; Koch and Schmid, 2014) . The role of Mia40 even extends to proteins destined for the matrix, such as a mitochondrial ribosomal protein (Longen et al., 2014) , and with an ever-increasing number of substrates, the MIA pathway is emerging as highly relevant for many physiological processes (Fischer and Riemer, 2013) . In addition, the dynamic nature of Mia40 is becoming apparent, showing its ability to interact with Fcj1 subunit of the MINOS complex and thus bringing Mia40 in close proximity to the TOM complex, from which its substrates emerge (von der Malsburg et al., 2011) .
The characterization of the plant MIA pathway is still in its infancy, although important mechanistic differences are beginning to emerge. Most importantly the Arabidopsis orthologue to Mia40 is non-essential and is located in both the mitochondria and peroxisomes (Table 1) (Carrie et al., 2010b; Xu et al., 2013) . Interestingly, some organisms completely lack a gene encoding Mia40 (trypanosomes, Plasmodium, Dictyostelium discoideum Chlamydomonas reinhartii and Volvox carteri; Basu et al., 2013; Carrie et al., 2010c) , suggesting that alternative mechanisms must exist for this import pathway. Examination of the partner protein for Mia40, namely Erv1p (essential for respiration and viability), shows that in both plants and trypanosomes Erv1 contains an additional twin cysteine motif at the C-terminal end of the protein compared with the yeast and human orthologues (Carrie et al., 2010b) . Thus, it is proposed that Mia40 may represent a derived situation, and that Erv1 can function alone to oxidize IMS proteins and directly reduce cytochrome c (Basu et al., 2013) .
While little is known with regard to the function of Mia40 in peroxisomes, it has recently been shown that its dual-targeting ability has only recently been acquired in higher plants, and that this ability may have been acquired alongside the dual-targeting ability of its substrate proteins superoxide dismutase (CSD1) and copper chaperone for SOD1 (Ccs1) (Xu et al., 2013) .
While the existence of Erv1p has been known in yeast since 1992 based on genetic screens for viability (Lisowsky, 1992) , the initial characterization of the MIA import pathways represents one of the most recent protein import pathways to be characterized in mitochondria. Proteins imported via this pathway are involved in the process of protein import (small Tims), respiration (subunits of complex I, complex III, and complex IV), assembly of complex IV and copper transport, reactive oxygen species metabolism (SOD assembly), mitochondrial ribosome, mitochondrial lipid metabolism and morphology (Ups1, -2, and -3 in yeast), and the hypoxia response in humans (Herrmann and Riemer, 2012; Fischer and Riemer, 2013) . While there are 17 twin cysteine proteins in yeast, there are 31 in Arabidopsis. Arabidopsis Erv1, but not yeast, can oxidize thioredoxin, suggesting that Erv1 in plants may be linked to other redox pathways (Vitu et al., 2006) . As the IMS in plants is also the site of ascorbate synthesis, linked to complex I , which also contains twin cysteine proteins (At2g02050, At3g06310, and At2g47690/At3g62790) (Klodmann and Braun, 2011; Meyer, 2012; Peters et al., 2013) , it appears that there are several linkages between this import pathway and respiratory-chain components, both structurally and in terms of their assembly, as well as with redox biology. It would be of interest to understand how perturbation of one set of these pathways affects the other pathway, and if they are linked either in a regulatory sense, i.e. co-regulated, or if they feed back or feed forward to influence the expression or activity of connected pathways.
The inner membrane
The inner mitochondrial membrane contains two multi-subunit translocases involved in the import of protein into or across the inner membrane, and one protein complex involved in the export of proteins from the matrix (Fig. 6 ). The TIM17:23 translocase (also called TIM23) is used by proteins destined to the matrix or inner membrane, the TIM22 translocase is utilized by proteins of the carrier import pathway destined for inner-membrane insertion, and the Oxa (oxidase assembly) complex is used to insert mitochondria-synthesized proteins into the inner membrane . Subunits of these translocases have descended from eubacterial ancestors and are well conserved throughout all eukaryotic species (Carrie et al., 2010c) .
TIM17:23 and TIM22
Precursors emerging from TOM destined to the inner membrane or matrix are translocated to either the TIM17:23 or TIM22 complex via a dynamic interaction with the TIM17:23 complex itself or chaperoned to the TIM22 complex by the small Tim proteins as outlined above (Chacinska et al., 2010) .
The latest model of the TIM17:23 complex in yeast is that it exists as two dynamic structural forms ): (i) TIM23-SORT, which contains the channel-forming Tim23 and Tim17, and its associated proteins Tim50 and Tim21 and mediates insertion into the inner membrane in a membrane-potential-dependent manner, and (ii) TIM23-MOTOR or presequence translocase-associated motor (PAM), which contains additional subunits that function in the transfer of proteins through the inner membrane to the matrix and is driven via an ATP-dependent motor (Bolender et al., 2008; Wagner et al., 2009) . While this complex contains Fig. 6 . The protein import apparatus of the inner membrane. The inner membrane contains Tim17:23 and TIM22. TIM17:23 consists of the transmembrane proteins Tim17 and Tim23, and a variety of associated proteins, namely Tim50 and Tim21, which are part of Tim23-SORT, and Tim44, Pam16, 17, and 18, Mgr2, Hsp70, and Mge1. In plants, Tim17 has a C-terminal extension. Additionally, the complex I subunit B14.7 has been found to associate with the TIM17:23 complex. The TIM22 complex consists of the transmembrane protein Tim22, and to date no additional components have been characterized in plants or animals, as opposed to yeast, which also contains the associated proteins Tim54, Tim18, and Tim12 (indicated in grey). The leaf indicates unique plant-specific characteristics.
the channel-forming Tim17, Tim23, and the peripherally attached Tim50, it also contains additional PAM subunits, comprising mtHsp70, Tim44, and its associated co-chaperones Pam16, Pam17, and Pam18 (Chacinska et al., 2010; van der Laan et al., 2010) . Translocation is driven by the ATPase activity and cyclic binding of mtHsp70 to promote transfer towards the matrix (Chacinska et al., 2010) . The associated chaperones Pam16, Pam17, and Pam18 bind and modulate mtHsp70 activity and promote association with the TIM17:23 channel (Truscott et al., 2003; Frazier et al., 2004) .
TIM23 is one of the best-characterized components of the mitochondrial protein import apparatus, partly due to the fact that it was identified over 20 years ago (Dekker et al., 1993) . Of the 11 subunits in yeast, all except three are essential for viability, with Tim21, Mdj2 and Pam17 being not essential (Table 1) . As Mdj2 is a paralogue of Pam18, and Tim21 and Pam17 are characterized as being involved in mediating protein interactions, it appears that all the structural subunits of Tim23 are essential ). Tim23 and Tim17 each contain four transmembrane regions. Tim23 is proposed to be the channel-forming subunit that forms a cation-selective channel activated by a membrane potential and mitochondrial targeting presequences (Truscott et al., 2001) . Transmembrane segment 2 (TMS2) has been identified as the polypeptide-conducting channel of Tim23 and is amphipathic in nature, with one side interacting with the non-polar lipid environment and the other side forming an aqueous channel through which proteins are translocated. A membrane-potential-dependent change in the structure of TMS2 has been reported to occur that may play a significant role in how Tim23 interacts with other components of the TIM23 complex, and in mediating translocation and/or lateral movement of precursor proteins from the translocase (Malhotra et al., 2013) . While Tim23 is considered to be the channel-forming component, Tim17 is also essential and has a similar four-transmembrane-domain structure; thus, it may also play an import role in the channel structure or lateral movement of proteins from the channel. This remains one of the outstanding questions in relation to the function of the Tim23 channel. It should also be noted that, as mitochondria have been reported to undergo membrane depolarization in vivo that is linked to calcium influx (Schwarzlander et al., 2012) and protein import into plant mitochondria has been reported to be dependent on Ca 2+ (Kuhn et al., 2009b) , the membrane-potential-dependent structural changes in Tim23 are likely to have physiological significance in vivo.
Tim23 from yeast is also an unusual protein in that, while it is an integral inner-membrane protein, the first ~20 aa can insert into the outer membrane. While this has not been studied extensively, in plants it has been shown that the C-terminal end of Tim17-2 in Arabidopsis is exposed on the outer membrane. Thus, the TIM17:23 complex is involved in a number of interactions (detailed below), but specifically for import, it is the TOM-TIM supercomplex that is most relevant. Tim21 mediates interaction with the TOM complex, with Tim51 acting as an IMS receptor for presequences. With either Tim23 or Tim17 inserting into the outer membrane, essentially the presequence is passed from binding site to binding site (known as the binding-chain hypothesis), until the presequence is translocated across the inner membrane, binds to matrix Hsp70, and then is pulled into the matrix by the PAM.
In addition to translocation of proteins through the inner membrane, the TIM23 translocase determines the sorting pathway of inner-membrane proteins that are imported via the general import pathway. Thus, TIM23 can fully translocate a transmembrane region of a protein across the inner membrane that will subsequently be reinserted into the inner membrane by the conservative sorting pathway, or can recognize a transmembrane region and 'stall' translocation so the transmembrane region is sorted laterally into the inner membrane, via a stop-transfer mechanism. Also, some of the arrested transmembrane regions are cleaved, so the TIM23 translocase plays a role in the import of some IMS proteins. While only a limited number of examples have been studied, the transmembrane regions of proteins that are 'stalled' and stop-transfer sorted are generally more hydrophobic and lack proline residues (an α-helix breaker) compared with transmembrane regions of proteins that are translocated that contain proline residues (Mokranjac and Neupert, 2010) . The charge of flanking regions also plays a role. As the TIM23 complex has been shown to play a role in the import of an outer-membrane protein, OM45, this translocase thus plays roles in the import of protein into all four mitochondrial subcompartments (Song et al., 2014) .
One of the outstanding questions with respect to the TIM23 complex is the dynamic nature of this complex. One model suggests that TIM23 is a single multi-subunit protein complex of 10 subunits (Fig. 6) , and that sorting of proteins to different compartments takes place by various conformation changes. A modular model suggests two forms, TIM23-SORT and TIM23-PAM, with the import motor as a distinct module that is recruited to the membrane components. Given the dynamic nature of the complex, the various techniques to support and distinguish between the two models can be difficult to interpret and remain a question that requires innovative investigations to determine the nature of the TIM23 complex in vivo.
The preprotein and amino acid transporter family
The translocases of the inner-membrane Tim17, Tim23, and Tim22 belong to a larger family of preprotein and amino acid transporters (PRAT) transmembrane domain-containing proteins, which also includes several chloroplast outerenvelope proteins (Rassow et al., 1999; Murcha et al., 2007) . Originating from a eubacterial ancestor, the LivH amino acid permease, PRAT proteins are characterized by four transmembrane domains and a conserved motif of (G/A) X 2 (F/Y)X 10 RX 3 Dx 6 (G/A/S)GX 3 G, where X is any amino acid (Rassow et al., 1999) . Lower eukaryotes such as yeast, Ectocarpus siliculosus, and Cyanidioschyzon merolae contain one gene encoding each Tim17, Tim23, and Tim22 (Delage et al., 2011) , with each transporter being essential for yeast viability (Table 1) (Dekker et al., 1993; Maarse et al., 1994; Sirrenberg et al., 1996) . This family has undergone expansion Protein import into mitochondria | 6317 in plant genomes with Arabidopsis containing 17 genes encoding for 16 different proteins, as two genes encode identical proteins and represent a recent duplication . Of the 17 Arabidopsis PRAT genes, 10 encode proteins that are located in mitochondria, six are located in plastids (some with proposed roles in metabolite transport and protein import) Pudelski et al., 2012; Rossig et al., 2013) , and one is dual targeted to both the mitochondria and chloroplast Pudelski et al., 2012) . Three genes encode Tim17 isoforms, three genes encode Tim23 isoforms, and two genes encode Tim22 (which are identical) . Several other PRAT proteins, whose function is not as well defined as for the inner-membrane translocases, such as B14.7 (encoded by At2g42210; Murcha et al., 2007) , are also present in plants. B14.7 was initially identified by proteomic analysis as a complex I subunit (Meyer et al., 2008; Klodmann et al., 2011) . This Arabidopsis orthologue was termed B14.7 due to its similarity to the complex I subunit from Bovine taurus B14.7 (NCBI protein no. NP_783649) and Neurospora crassa 21.3b (NCBI protein no. S14277) (Carroll et al., 2002; Meyer et al., 2008; Klodmann et al., 2010) . While these complex I subunits do exhibit some orthology to PRAT proteins from Arabidopsis, the WU-BLAST score is relatively low ranging from 2.7e -2 to 9.9e -1 . While B14.7 protein has been shown to be located in complex I by independent studies, it is also imported and assembled into the TIM17:23 complex . More recently, the orthologue to Arabidopsis B14.7 from Physcomitrella patens was also found to be located in the chloroplast, which raises the possibility of alternative roles and dual-targeting ability for this transporter family in lower plants (Mueller et al., 2014) . It should be noted that chloroplasts do contain a multi-subunit NADH dehydrogenase akin to complex I that may also account for the identification of B14.7 proteins in chloroplasts from Physcomitrella patens (Ifuku et al., 2011) .
The relatively large number of genes encoding PRAT proteins in Arabidopsis exhibits significant diversity with regard to location, expression, and conservation of functional domains. Even within a subgroup, significant structural differences occur, indicating the acquisition of new functions in higher eukaryotes and possible additional plant-specific functions . Of the three genes encoding Tim17, both Tim17-1 and Tim17-2 contain a plantspecific C-terminal extension of up to 143 aa, not evident in Arabidopsis Tim17-3 or in the yeast and mammalian proteins . This extension, in particular from Tim17-2, has been shown to link the inner and outer membrane and is proposed to contain substrate-binding capabilities (Murcha et al., 2005a) , with only Tim17-2 being able to complement the Δtim17 yeast deletion strain upon removal of the extension (Murcha et al., 2005a) , suggesting a plantspecific function for Tim17 isoforms with this extension.
Tim23 similarly is encoded by three genes in Arabidopsis, although there appears to be little variation within this subgroup, with the three isoforms showing high sequence similarity to each other (70-92%; Murcha et al., 2007) . Of the three genes, only one contains a PRAT domain (Tim23-3), while Tim23-1 and Tim23-2 contain a degenerate PRAT domain . All isoforms appear to play overlapping roles, and removal of any two isoforms results in lethality (Table 1) . In addition, when compared with yeast Tim23, all three isoforms lack an N-terminal extension shown to link the inner and outer membranes in yeast mitochondria and to be important for the recognition and transfer of proteins from the TOM channel to the TIM17:23 translocase (Donzeau et al., 2000; Murcha et al., 2003) .
The TIM22 complex
The TIM22 complex translocates carrier-type membrane proteins through the inner membrane, proteins that usually containing internal non-cleavable targeting signals (Fig. 6) . In yeast, the TIM22 complex encompasses the essential translocation channel Tim22 along with the accessory proteins Tim54 (not essential), Tim18 (not essential), and Tim12 (essential) to form a twin-pore translocase of which insertion is driven by the membrane potential within the inner membrane (Table 1) (Sirrenberg et al., 1996 (Sirrenberg et al., , 1998 Kerscher et al., 1997 Kerscher et al., , 2000 . Tim54 and Tim18 are integral membrane proteins; their precise function is unclear, but they play a role in the maintenance and assembly of the complex (Jarosch et al., 1996; Kerscher et al., 1997) . Tim12 is associated peripherally with the channel complex and acts as a receptor for the TIM9-10 presequence-containing hexamer (Koehler et al., 1998; Sirrenberg et al., 1998; Endres et al., 1999; Davis et al., 2000) .
In Arabidopsis, two genes encode Tim22 (At1g18320 and At3g10110) and both are 100% identical, even up to 500 bp upstream. While this makes it impossible to identify genespecific transcript expression profiles, through the analysis of T-DNA insertional knockout homozygous lines it was determined that an insert within At1g18320 did not result in any obvious deleterious phenotype, while a T-DNA insertion in At3g10110 resulted in a sterile plant defective in seed production (Table 1) (Murcha et al., 2014b) . Although there has been little biochemical characterization of the TIM22 complex in plant mitochondria, MS/MS sequencing of the mitochondrial protein complexes from Arabidopsis cell suspensions identified Tim22 at the position of 1500 kDa, which is the location of supercomplexes I and III, compared with the mobility of 110-160 kDa for subunits of the TIM17:23 translocase (Klodmann and Braun, 2011; Klodmann et al., 2010 Klodmann et al., , 2011 . This suggests that either Tim22 associates with the respiratory complexes and/or that it associates with other as-yet-unidentified proteins. As outlined above, IMS fractions containing small Tim proteins can stimulate carrier protein import into outer-membrane-ruptured mitochondria in plants (Lister et al., 2002) , a biochemical reconstitution that has never been reported using yeast mitochondria, suggesting a difference in how the small Tim proteins may dock or interact with TIM22 or associated proteins. This suggests that the interaction or docking of small Tims with carrier proteins in plants differs from that in yeast. Along with the fact that many plant MCPs contain N-terminal cleavable sequences, the composition and mechanism of carrier import into plant mitochondria is relatively poorly understood and merits further investigation.
Oxa translocase
The Oxa translocase is an evolutionary conserved insertase that functions to insert proteins into membranes. It is found in mitochondria, plastids, and bacteria. In mitochondria, it is normally associated with the insertion of mitochondrially encoded subunits, and as such it is not a component of the mitochondrial protein import apparatus. In all eukaryotes, there appear to be two isoforms that have diverged in function (Preuss et al., 2005) . While it is clearly involved in protein insertion of mitochondrially synthesized proteins, it has also been reported to be involved in export of a multi-spanning ABC transporter protein after translocation of part of the protein into the mitochondrion matrix in yeast (Bohnert et al., 2010) . In plants, both mitochondrial (Oxa) and plastid (Alb: Albino) isoforms exist. While the plant mitochondrial isoforms are not characterized at a biochemical level, studies in Arabidopsis reveal eight genes encoding Oxa proteins (Benz et al., 2013) . Four Oxa proteins are targeted to mitochondria, two Oxa1 and two Oxa2 isoforms. While inactivation of Atoxa1b revealed no alterations in phenotype, homozygous T-DNA insertional knockout lines for Atoxa1a, Atoxa2a, and Atoxa2b were lethal at an embryo stage; in fact, abortion was observed at different stages of embryo development for different isoforms (Benz et al., 2013) . Also the AtOxa2 isoforms in mitochondria contain a TPR domain, and as they may be structurally different to AtOxa1 proteins in that AtOxa2 isoforms contain four transmembrane regions, it may indicate that they play novel roles in mitochondrial biogenesis (Benz et al., 2013) , supported by the embryonically lethal phenotypes observed.
New mitochondrial import components
The analysis of protein import into mitochondria has been studied since the initial reports in 1977 (Table 2) (Harmey et al., 1977) , with the initial characterization of the TOM and TIM components taking place as early as in 1989 and 1993, respectively . In yeast, even a decade after the use of BN-PAGE coupled to MS, new components of the mitochondrial protein import apparatus are being identified. Recently, a novel subunit of the TIM17:23 complex was identified termed Mgr2 (Gebert et al., 2012) . Mgr2 is involved in coupling TIM17:23 to the TOM40 complex and the respiratory chain, and increases the efficiency of import by stabilizing the TOM-TIM supercomplex (Gebert et al., 2012) . In Arabidopsis, one candidate orthologue encoded by At3g07910 can be identified by WU-BLAST with a low percentage similarity of 32% to yeast Mgr2. While the sequence similarity is low, it is predicted to contain a reactive mitochondrial oxygen species modulator 1 (ROMO1) site, which is also present in yeast Mgr2. Further biochemical characterization would be required to determine if the unknown protein encoded by At3g07910 is located in mitochondria and if its similarity is associated with the TIM17:23 complex.
There are likely to be a variety of novel components also to be identified in plants. As pointed out above, the Tim22 and SAM complexes have barely been studied in plants from a biochemical point of view. Also, while the primary import pathways seem well conserved (Fig. 1) , it is likely that there will be variations on how proteins may be sorted. The Rieske FeS protein of the cytochrome bc 1 complex represents a good example. In fungi, it was initially shown that the Rieske FeS protein underwent conservative sorting, first being imported into the matrix and cleaved by MPP and subsequently being redirected across the inner membrane to be cleaved a second time (Hawlitschek et al., 1988) . Subsequently, it has been shown that a protein called BCS1, an inner-membrane AAAATPase protein, is required for the reinsertion or export of Rieske FeS (Wagener et al., 2011) . In cows, the Rieske FeS protein is only processed once, with the presequence retained as a subunit of the cytochrome bc 1 complex (Brandt et al., 1993) . In plants, while a protein has been annotated as a BCS1 protein, studies show that it is an outer-membrane protein, lacks the BCS domain, and plays no role in insertion of the Rieske FeS into the inner membrane (Zhang et al., 2014) . Thus, plant mitochondria seem to have a different way of assembling the Rieske FeS into the cytochrome bc 1 complex. In plastids and bacteria that also contain Rieske FeS-type proteins (in cytochrome b 6 f and cytochrome bc 1 complexes, respectively), the twin arginine translocase (TAT) system of protein insertion is used for assembly of Rieske FeS (Baglieri et al., 2012) . The TAT system can translocate folded proteins or protein with co-factors (Baglieri et al., 2012) . While the proteins involved in the assembly of the Rieske FeS in plants are unknown, it is interesting to note that plant mitochondria contain a TATc gene (Pett and Lavrov, 2013) . While no protein or function has been ascribed for this gene, it is interesting to speculate whether plant mitochondria have maintained the original mechanism to assemble Rieske FeS.
Mitochondrial precursor protein processing
If a mitochondrial protein contains a cleavable presequence, it is removed in a reaction termed processing after reaching the mitochondrial matrix, catalysed by a specific type of endopeptidases, i.e. processing peptidases (Fig. 7) . The bulk of mitochondrial preproteins are processed in the matrix by the general MPP (Hawlitschek et al., 1988) . In yeast, MPP is a soluble matrix-localized heterodimer, consisting of two structurally related subunits: a catalytic subunit MPP-β and catalytically inactive subunit MPP-α responsible for recognition and binding (Luciano et al., 1997) , forming a complex with a molecular mass of about 100 kDa. In contrast, plant MPP subunits are integrated into the cytochrome bc 1 complex of the respiratory electron transfer chain, and through this association bound to the inner mitochondrial membrane (Braun et al., 1992; Glaser et al., 1994) (Fig. 7) . Although integrated in the cytochrome bc 1 complex, the active site of plant MPP faces the mitochondrial matrix. Interestingly, MPP-α and MPP-β replace the homologous core 2 and core 1 subunits, respectively, of yeast and bovine cytochrome bc 1 complex. It is noteworthy that the two functions integrated into the cytochrome bc 1 /MPP complex, i.e. electron transfer and precursor protein processing, are independent of each other (Glaser and Dessi, 1999) . The integration of MPP to the cytochrome bc 1 complex has been observed in photosynthesizing organisms of many species and was proposed to be associated with the acquisition of chloroplasts (Brumme et al., 1998) . According to this hypothesis, the bifunctional cytochrome bc 1 /MPP complex found in plants represents the situation observed in 'early' mitochondria (Braun and Schmitz 1995) . In the course of evolution in yeast and mammals, MPP detached from the cytochrome bc 1 complex through: (i) duplication of the MPP genes, whose products formed the soluble MPP complex, and (ii) loss of the proteolytic activity by MPP subunits associated with the cytochrome bc 1 complex (resulting in the core 1 and core 2 subunits). An interesting observation from the evolutionary point of view is that, in Neurospora crassa, one of the subunits of MPP, MPP-β, is integrated into the cytochrome bc 1 complex as core 1 subunit, whereas MPP-α is soluble in the matrix (Schulte et al., 1989) . Despite the Brink et al., 1994 Brink et al., 1987 Brink et al., -1990 In vitro and in vivo protein uptake experiments into mitochondria
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Arabidopsis thaliana Rimmer et al., 2011 Rimmer et al., 2012 Interaction between complex I and TIM17:23 Arabidopsis thaliana Wang et al., 2012 Wang et al., 2013 Isolation of OOP Arabidopsis thaliana Kmiec et al., 2013 fact that the localization of MPP in higher plants within the cytochrome bc 1 complex, and thus bound to the inner mitochondrial membrane, is currently widely accepted, it is worth noting that an MPP-like processing activity was also detected in matrix extracts obtained from soybean and spinach mitochondria (Szigyarto et al., 1998) . The simplest explanation for this observation is a dual localization of the MPP subunits in both the mitochondrial inner membrane and matrix, responsible for precursor processing and moonlighting as core proteins of the cytochrome bc 1 complex. Another peculiarity of plants, compared with yeast and mammals, is the presence of multiple MPP-α subunits. Arabidopsis possesses two of them, MPP-α1 and MPP-α2, displaying 82% sequence identity. Proteomic analyses showed that both MPP-α subunits are present simultaneously in the cytochrome bc 1 complex of Arabidopsis (Klodmann et al., 2011) .
Binding, recognition, and cleavage of precursor proteins by the MPP
Despite the large substrate diversity with very limited sequence conservation, MPP catalyses mitochondrial protein maturation with high fidelity and specificity. In the case of most substrates (76% in Arabidopsis; Huang et al., 2009b) , the precise location of the MPP cleavage site is defined by the presence of a conserved arginine residue at position P2 (position -2 from the scissile bond). In the case of these substrates, the conserved arginine is required to recognize and position the substrate in the MPP active site. Replacement of the conserved arginine for glycine inhibits the processing (Tanudji et al., 1999; Rudhe et al., 2004) . However, around 24% of Arabidopsis presequences identified so far do not possess the conserved arginine and the cleavage site is characterized by the presence of a so-called no-R motif containing [(F/Y)↓(S/A), where ↓ denotes the start of the mature form of the protein] in Arabidopsis (Huang et al., 2009b) . The presequences that possess the conserved arginine can be divided into three groups depending on the position of the arginine, and thus the MPP cleavage site, in relation to the start of the mature part of the precursor proteins (Gavel and von Heijne, 1990) . The precursors that are cleaved by MPP alone possess the so-called -2R motif, which in Arabidopsis contains RX↓XST (where X designates any amino acid, with the conserved R highlighted in bold) (Huang et al., 2009b) . Precursors, which, after being cleaved by MPP, are additionally 'trimmed' by the intermediate cleaving peptidase of 55 kDa (Icp55), removing one amino acid from the N terminus generated by MPP, possess the so-called -3R motif R-X-(F/Y/L)↓(A/S)-X (Vogtle et al., 2009) . Precursors additionally 'trimmed' by the Octapeptidyl aminopeptidase 1 (Oct1), cleaving off eight amino acid peptides, possess the -10R motif RX(F/L/I)X 2 (S/T/G)X 4 ↓X (Vogtle et al., 2011) . The no-R, -3R, and -2R motives are conserved between yeast Fig. 7 . Processing peptidases of the protein import apparatus. Mitochondria contain a number of peptidases that remove the targeting signals from mitochondrial proteins. The MPP is the primary peptidase that carries out the first cleavage of precursors that contain a cleavable presequence. It is located in the matrix in yeast but is integrated into the cytochrome bc 1 complex in plants. Secondary processing peptidases include octapeptidyl aminopeptidase 1 (Oct1) and intermediate cleaving peptidase of 55 kDa (Icp55), which remove 8 and 1 aa, respectively, which increase the stability of preproteins processed by MPP. Inner-membrane proteases (Imp and Pcp1) represent secondary processing peptidases removing the secondary targeting signal from MPP-generated intermediates and thus facilitating their release to the IMS. m-AAA and Atp23 act independently of MPP. Peptides generated during processing and released to the matrix are subsequently degraded by presequence protease (PreP) and organellar oligopeptidase (OOP). The leaf indicates unique plant-specific characteristics. (Note that MPP is shown twice, in grey in the matrix, reflecting the situation in yeast, and in green in the cytochrome bc 1 complex where it is membrane bound in plants; see text for details.)
Protein import into mitochondria | 6321 and higher plants, although the exact sequence differs among species (Huang et al., 2009b; Vogtle et al., 2009) . The -10R motif, although identified in ~3% of yeast presequences, has not been found in plant presequences (Huang et al., 2009b; Vogtle et al., 2011) . The function of both Icp55 and Oct1 is described in more detail below.
Considering that 70% of mitochondrial precursor proteins undergo processing, this raises the question of how MPP recognizes and processes several hundred different substrates. As the cleavable mitochondrial presequences show low sequence conservation, it has long been proposed that the recognition is based not on the primary structure but rather on the secondary structural elements of the presequence. The first proposal for a mode of presequence binding to MPP came from the three-dimensional structure of the bovine core 1 and core 2 proteins of the cytochrome bc 1 complex (Iwata et al., 1998) . This structure shows the peculiar case of the cytochrome bc 1 complex subunit 9 (in fact the presequence peptide cleaved from the Rieske FeS protein) bound to the core 2 protein (homologous to MPP-α), with the C-terminal 15 aa of subunit 9 forming a β-sheet together with two β-strands from core 2. This observation led the authors to propose a common recognition mechanism for presequences involving a shared β-sheet structure with the core 2/ MPP-α subunit. However, while the evolutionary relationship between the core 1 and core 2 proteins and MPP subunits fuelled this hypothesis, the lack of a bona fide Zn-binding domain in the core 1 protein and the essential glycine-rich loop in core 2 (a region completely conserved in MPP-α sequences) questions the utility of this structure for understanding presequence binding to MPP. It is far more likely that the structure of core 1, core 2, and subunit 9 simply reflects more the final assembly of the complex than a catalytically relevant state.
The preprotein processing by MPP requires initial recognition of the presequence (most likely through binding to MPP-α), followed by correct positioning of the scissile bond of the peptide. The structure of yeast MPP with a bound presequence clarified the mode of binding of the peptide around the cleavage site (Taylor et al., 2001) . The presequence peptide was observed in an extended conformation with its P2 arginine (the highly conserved -2R) occupying a negatively charged S2 site formed by conserved Asp/Glu residues in MPP-β. Despite the detailed view of the binding of the presequence peptide to the MPP active site, the structure of yeast MPP provided little information on the initial recognition events. Additional work suggested that the primary recognition occurs between the hydrophobic plane of the amphiphilic α-helix of the presequence and the hydrophobic surface of the glycine-rich loop in the α-subunit (Dvorakova-Hola et al., 2010) . The glycine-rich loop is the most conserved part of the α-subunit localized at the entrance to the catalytic cavity of the MPP complex. This leads to an attractive hypothesis suggesting the interaction between the presequence and the glycine-rich loop of MPP-α resembles the interaction between the presequence and the Tom20 receptor (Dvorakova-Hola et al., 2010) . In vitro analyses showed that efficiency of the MPP cleavage decreases with increasing distance of the cleavage site from the N terminus and that long presequences can be cleaved off in two consecutive cuts if they possess an additional cleavage motif (Mukhopadhyay et al., 2002) . Indeed, there have been a few reports of the two-step processing carried out by MPP, including one in Arabidopsis (Schmidt et al., 1984; Branda et al., 1999; Kmiec et al., 2012) . In all cases, the presequences were longer than average and contained two MPP motives. The fact that many of the unusually long Arabidopsis presequences contain additional internal MPP motives suggests the possibility that the two-step MPP cleavage might be a more common phenomenon in plants (Kmiec et al., 2012) .
Secondary preprotein processing events
It has long been known for some mitochondrial proteins that their maturation pathways involve additional proteolytic events following initial MPP cleavage. The second step of processing is often required to facilitate the final steps of translocation/assembly of mitochondrial proteins or to increase stability of products generated upon MPP cleavage.
The latter function is a consequence of the activity of two matrix-localized peptidases, Oct1 [designated in mitochondrial intermediate peptidase (MIP) animals] or Icp55 (Fig. 7) . While Oct1 has long been known in yeast and mammals, Icp55 was only recently characterized in yeast (Kalousek et al., 1988; Isaya et al., 1992 Isaya et al., , 1994 Vogtle et al., 2009) . Oct1 'trims' the MPP-generated N termini by cutting off 8 aa peptides and its substrates are characterized by a presence of -10R MPP motif. Icp55 is an aminopeptidase that removes 1 aa from the N terminus of MPP products, and thus its substrates possess a conserved -3R MPP motif. Activity of these enzymes has been linked to the N-end rule (Bachmair et al., 1986) , a long-known determinant for protein stability conserved in both prokaryotes and eukaryotes. It was proposed that the Oct1-and Icp55-dependent 'trimming' occurs when the MPP processing leaves one of the destabilizing residues (Ile, Phe, or Tyr) at the newly generated N terminus (Vogtle et al., 2009 (Vogtle et al., , 2011 . These secondary processing events result in N termini with more stabilizing residues, increasing the protein half-life in mitochondria (Vogtle et al., 2009 (Vogtle et al., , 2011 . Oct1 and Icp55 have thus far been characterized only in yeast and mammals, but genes coding for their homologues are conserved in higher plants (Kwasniak et al., 2012) . Putative Arabidopsis Oct1 (At5g51540) and Icp55 (At1g09300) homologues are predicted to localize in mitochondria, although large-scale proteome analyses showed the presence of the Oct1 homologue in chloroplasts (Kleffmann et al., 2004) . Chloroplast localization of Oct1 in plants seems plausible, considering that the N-end rule was shown to operate in plant chloroplasts (Apel et al., 2010) and that plant mitochondrial presequences do not possess the conserved -10R motif. Localization of the putative Icp55 homologue in mitochondria has not been confirmed, but the frequent occurrence of the -3R motif in plant presequence (55% of all presequences identified in Arabidopsis) (Huang et al., 2009b) might suggest an important role of Icp55 in plant mitochondrial processing.
The second function of secondary processing, i.e. protein assembly and/or sorting, is connected to activity of inner-membrane proteases 1 and 2 (Imp1 and Imp2) and rhomboid protease Pcp1 (Nunnari et al., 1993; Esser et al., 2002; McQuibban et al., 2003; reviewed by Teixeira and Glaser, 2013) , characterized in yeast (Fig. 7) . Genes encoding putative homologues of these peptidases are conserved in Arabidopsis (Kwasniak et al., 2012) , with Imp1 and Imp2 having, respectively, one and five sequence homologues. The Imp1 homologue is predicted to localize in mitochondria, but its localization has not been confirmed (Tanz et al., 2013) . Proteomic analyses shows that one of the Imp2 homologues (At2g31140) is localized in mitochondria and the other in chloroplasts (At3g08980) (Ni et al., 2010; Klodmann et al., 2011) . Imp was suggested to be involved in processing of Cox2 precursor in soybean mitochondria (Daley et al., 2002) . The homologue of Pcp1 (AtRbl12) was confirmed to localize in mitochondria but does not process the same substrates as Pcp1 (Kmiec-Wisniewska et al., 2008) . However, a plant mitochondrial rhomboid protease was suggested to take part in maturation of MCP, although its plant-specific function remains unknown (Murcha et al., 2004b) .
Other processing peptidases
Some mitochondrial precursors in yeast undergo MPPindependent maturation, being processed by m-AAA proteases Yta10/12 or Atp23 (reviewed by Teixeira and Glaser, 2013) (Fig. 7) . Arabidopsis homologues of Yta10/12, Ftsh10, and FtsH3 are localized in plant mitochondria, and functional complementation experiments suggest that the processing activity of m-AAA proteases is conserved in higher plants (Piechota et al., 2010) . A homologue of Atp23 exists in Arabidopsis (At3g03420) and has been shown to localize in mitochondria (Klodmann et al. 2011) , but its function remains unknown.
It is worth noting that, despite the evolutionary conservation of an array of potential processing peptidases, MPP remains the only plant peptidase confirmed to localize in mitochondria and possessing well-characterized processing activity.
Toxicity of the presequence peptides
The import of preproteins to mitochondria results in the generation of free presequence peptides, 'by-products' of the processing reaction. Due to the hydrophobic character of their amphiphilic α-helices, mitochondrial presequences can interact with membranes, thus making the accumulation of free presequences in mitochondria potentially toxic. Indeed, presequences and presequence-like peptides were shown to interact with mitochondrial membranes and cause membrane lysis, dissipate mitochondrial membrane potential, and uncouple respiration (Hugosson et al., 1994; Nicolay et al., 1994) . Additionally, the accumulation of presequence peptides may interfere with protein maturation, as such peptides were shown to affect mitochondrial precursor processing by direct inhibition of MPP (Yang et al., 1991; Sjoling et al., 1994) . The problem of accumulating presequence peptides is likely to be of particular importance during the periods of intensive mitochondrial biogenesis such as germination and flowering (Busi et al., 2011; Law et al., 2014) .
While there are isolated cases where some presequence peptides have been shown to have additional biological functions (components of protein complexes, signalling, etc.), it is likely that the bulk of the peptides are simply removed from the mitochondrial matrix following the import reaction. To prevent accumulation, presequence peptides could be potentially exported outside mitochondria or degraded within the mitochondrial matrix. While active export of presequences, by the action of the ABC-type peptide exporter Mdl1, operates in yeast mitochondria (Young et al. 2001) , mitochondrialocalized peptide exporters have not been identified in plants. The only characterized strategy for mitochondrial peptide removal in plants is degradation by mitochondrial oligopeptidases, namely PreP and organellar oligopeptidase (OOP) (Stahl et al., 2002; Kmiec et al., 2013) . It is worth noting that deletion of the mitochondrial peptide exporter Mdl1 in yeast has no visible phenotypic consequences, while deletion of the PreP homologue Cym1 results in reduced growth on non-fermentative carbon sources (Kambacheld et al., 2005) , suggesting a higher importance of presequence degradation versus export.
Presequence peptide degradation by the mitochondrial oligopeptidases PreP and OOP
The system for presequence degradation in plant mitochondria is based on the activity of two different enzymes: PreP and OOP (Fig. 7) . PreP was initially discovered in extracts of potato mitochondria and later in Arabidopsis as a peptidase degrading the 54 aa mitochondrial presequence of the F 1 β subunit of ATP synthase (Stahl et al., 2002) . OOP was identified over 10 years later in Arabidopsis as a peptidase specialized in degradation of shorter presequences and their fragments, and thus complementing PreP and forming a presequence removal pathway (Kmiec et al., 2013) . Although the discovery of PreP in plants led to further identification of an orthologous system in yeast and humans (Kambacheld et al., 2005; Falkevall et al., 2006) , plant PreP and OOP remain the best-characterized presequence degrading system to date.
PreP belongs to the M16C family of metallo-peptidases, characterized by the presence of an inverted Zn-binding motif (HXXEH, where X represents an uncharged residue) in their active site. PreP is a monomer of about 100 kDa, structurally related to the mitochondrial and the chloroplastic processing peptidases MPP and stromal processing peptidase (SPP). Arabidopsis possesses two isoforms of PreP, encoded by two different genes, AtPreP1 and AtPreP2, sharing 86% sequence identity (Stahl et al., 2005) . Further analysis of PreP1 and PreP2 activity showed that, in addition to mitochondrial presequences, they also degrade chloroplastic transit peptides, as well as other short unstructured peptides not related to targeting peptides (Moberg et al., 2003; Bhushan et al., 2005; Kmiec et al., 2013) . The shortest peptide degraded was 10 aa, while the longest was 63 aa. Detailed analysis of the fragments produced by AtPrePs revealed that PreP shows a preference for a positively charged amino acid in the 1' position and an uncharged small amino acid in the P1 position (Stahl et al., 2005; Kmiec et al., 2013) .
Structural analysis of AtPreP1 showed that it is composed of four domains of similar fold organized into two bowlshaped halves connected by a flexible hinge region . The two halves enclose a chamber of ~10 000 Å 3 , large enough to accommodate short peptides but small enough to exclude structured proteins . The peptide substrate is bound in the active site by residues localized 800 aa apart from each other in the primary structure, which implies that the two halves have to come together in a closed conformation for proteolysis to occur.
OOP is a monomer of about 75 kDa, structurally distinct from PreP. It belongs to the M3A family of peptidases possessing a Zn-binding motif (HEXXH) in their active site and is structurally related to the processing peptidase involved in the 'trimming' of the MPP intermediates, Oct1 (Kmiec et al., 2013) . OOP is specialized in degradation of short presequences and their fragments, as well as short fragments of transit peptides. Substrates of OOP identified to date range between 8 and 23 aa. The structure of the enzyme is formed by two non-symmetric domains. Domain II contains not only the Zn-binding motif but also a peptide-anchoring region, including conserved His and Tyr residues that are essential for catalysis. The two domains come together and enclose the substrate so proteolysis can occur (Kmiec et al., 2013) . The catalytic cavity of OOP has an internal volume of 3000 Å 3 , which corresponds to a stretched peptide of about 21 aa, matching well the experimental data on substrate degradation. Therefore, it is the volume of the catalytic chamber that limits the maximal substrate length. The OOP substratebinding pockets can form both polar and hydrophobic interactions, not imposing a strict substrate specificity, which provides an explanation for the fact that peptides degraded by OOP share no obvious sequence similarity. The detailed analysis of products generated by OOP confirmed a lack of strict sequence specificity, displaying, however, a mild preference for hydrophobic residues at the P1 position in the substrate (Kmiec et al., 2013) .
Both AtPreP isoforms and OOP are dually localized in the mitochondrial matrix and the chloroplastic stroma, in agreement with their ability to degrade mitochondrial and chloroplastic targeting peptides. The targeting and import of these proteases to both types of organelles is facilitated by the presence of N-terminal dual targeting peptides, which are cleaved off following import to the matrix and stroma (Bhushan et al., 2003 (Bhushan et al., , 2005 Kmiec et al., 2013) .
Despite not being evolutionarily related, PreP and OOP have evolved to perform analogous functions in the removal of targeting peptides in the endosymbiotic organelles, with PreP specialized to cleave longer peptides and OOP to cleave shorter peptides. The sheer difference in the preference for the substrate length makes PreP a major candidate to degrade presequences (most of them being 20-40 aa) and the transit peptides (most of them being 40-70 aa). In turn, OOP degrades shorter targeting peptides and their fragments (Kmiec et al., 2013) . Additionally, in vitro results suggest that OOP follows up the PreP degradation, cleaving fragments generated by PreP. These results raised the hypothesis that PreP and OOP might cooperate in vivo in targeting peptide degradation, an idea supported further by analysis of knockout Arabidopsis plants. Deletion of PreP results in a mild growth phenotype, a delay in development, and a slight chlorosis (Nilsson Cederholm et al., 2009 ). However, knocking out the three oligopeptidases results in a more severe phenotype: atprep1 atprep2 oop triple-knockout plants develop smaller rosettes and display a delay in development compared with atprep1 aptrep2 double-knockout or oop single-knockout plants alone (Kmiec et al., 2013) .
Mitochondrial complex assembly
The assembly of large protein complexes on the inner membrane requires the co-ordination of multiple subunits and is a process best exemplified by the assembly of large respiratorychain protein complexes. For example, complex I requires the co-ordination and assembly of 40 nuclear-encoded subunits by 47 nuclear genes, as some have two isoforms, in addition to the nine mitochondria-encoded subunits (Braun et al., 2014) . Complex I assembly involves a sequential joining of various subunits, arms, and intermediates, with the processes being revealed by both intermediate labelling experiments and by the characterization of various mutant lines (Meyer et al., 2011; Li et al., 2013) . Multi-subunit protein complex assembly is a sequential process, yet so far only one specific assembly factor has been identified for complex I, the l-galactono-1,4-lactone dehydrogenase (Schertl et al., 2012) , and also plays an essential role in ascorbate biosynthesis. Traditionally, the protein import apparatus has not been considered or implicated in the regulation and assembly of large protein complexes; however, more recent investigations propose that this may not be the case.
In yeast, Tim21, was first identified as a subunit of the TIM17:23 translocase tethering the TOM and TIM channels (Chacinska et al., 2005; Mokranjac et al., 2005) and later was found to interact with a variety of respiratory complex subunits such as cytochrome c 1 , Rieske FeS, and Cox4 (van der Laan et al., 2006) . As it was shown to have a direct role in the import and insertion of proteins into the inner membrane and not in the translocation of matrix-located proteins (van der Laan et al., 2006) , the interaction of Tim21 with respiratory complexes has been proposed to be a mechanism for the efficient translocation and transfer of the respiratory subunits following TIM17:23 translocation. A study in human mitochondria found that Tim21 is a respiratory complex assembly factor associated with the respiratory complex intermediates of cytochrome c oxidase and complex I, containing both nuclear-and mitochondria-encoded subunits (Mick et al., 2012) . Tim21 was proposed to have the ability to shuttle between the TIM17:23 complex proteins that were being translocated into mitochondria, thus linking import, translocation, and assembly (Mick et al., 2012) .
Plant mitochondria contain a Tim21 protein, encoded by At4g00026 in Arabidopsis. While it exhibits low sequence similarity to yeast Tim21, it contains the conserved Tim21 domain (Pfam PF08294) and, as with yeast Tim21, was shown to interact with respiratory complex III and the TIM17:23 complex Murcha et al., 2014a) . Deletion of Arabidopsis Tim21 results in a seedling lethal phenotype with aberrations to several respiratory complex subunits (Table 1) (Hamasaki et al., 2012) , supporting an important role in respiratory-chain complex assembly. Plants also contain additional Tim21-like genes, At2g40800 and At3g56430 (Murcha et al., 2014a) . While these gene families seem evolutionarily distinct from Tim21, the predicted proteins contain the conserved Tim21 protein domain, and experiments suggest that Tim21-like proteins also interact with the TIM17:23 translocase and respiratory-chain complex intermediates (Murcha et al., 2014a ). An evolutionary distinct plant-specific family of Tim21 proteins may be required for the insertion and assembly of the plant-specific subunits of the respiratory apparatus.
Regulation of the mitochondrial protein import apparatus
Mitochondrial biogenesis in plants requires mitochondrial activity to be in tune with the spatial (cellular, tissue, and organ activities) and temporal (developmental and diurnal) inputs. Proteome studies reveal a difference in the abundance of specific mitochondrial proteins among shoots, flowers, and roots (Lee et al., 2013) , indicating a tissue-specific regulation of mitochondrial proteins, although the mechanisms involved are unknown. Also, the abundance of specific respiratory-chain complexes differs among tissues, with leaves containing relatively high amounts of complex I and low amounts of complex II (Peters et al., 2012) . These differences have to be signalled, executed, and maintained to fulfil the different requirements, and thus mitochondrial biogenesis will be regulated at a variety of levels. While yeast has been an excellent model to identify the building blocks for mitochondrial biogenesis, it is reasonable to suggest that regulation of mitochondrial biogenesis will display many lineage-specific characteristics, compared with the comparatively well-conserved nature of the machines involved in protein import. Yeast is a single-celled, facultative anaerobe that lacks mitochondrial complex I. Thus, while mitochondrial biogenesis will be regulated in yeast, it is likely to differ compared with multicellular organisms that display tissue and developmental complexity.
Seed germination in plants provides an excellent model for mitochondrial biogenesis, as seed mitochondria are very basic structures that, upon imbibition, rapidly mature into electron-dense structures that contain numerous cristae and gain or increase the activity of several metabolic pathways . Using seed germination as a model to analyse protein import, it was observed that mitochondria isolated from seeds were import competent in as little as 15-30 min after imbibition in rice, and that western blot analysis revealed that the abundance of a variety of protein import components was comparatively high . This was confirmed by two-dimensional gel proteome analysis, where the abundance of several inner-membrane translocases was comparatively high, and readily evident on two-dimensional gels, where they are not normally evident as major proteins (Howell et al., 2006) . However, in as little as 12 h, the abundance of these components had decreased several fold, without any changes in corresponding transcript abundance (Howell et al., 2006) . A similar pattern was observed in Arabidopsis, revealing that, while the abundance of many mitochondrial components did display a positive correlation with transcript abundance, mitochondrial protein import components were an exception (Law et al., 2012) . While the mechanisms that regulate the abundance of mitochondrial protein import components are unknown, the involvement of the ubiquitin-proteasome system is a good candidate. It has been shown that a plastid outer-envelope ring-type ubiquitin E3 ligase is involved in targeting plastid protein import components for degradation, thus playing a role in determining the composition of the plastid protein import system (Ling et al., 2012) . While several E3 ligases have been identified in yeast or mammalian systems that play a role in determining mitochondrial morphology (Ling and Jarvis, 2013) , it is only recently that this link has been made with respect to plant mitochondrial morphology (Pan et al., 2014) . While no direct interactions with proteins of the mitochondrial protein import apparatus have been demonstrated, it is not unreasonable that the ubiquitin proteasome systems are involved in regulating the abundance of components of the mitochondrial protein import apparatus.
At a transcriptional level, the regulation of the mitochondrial protein import apparatus is not well studied. It has been shown that, upon stress, a variety of genes encoding isoforms of the mitochondrial import apparatus are induced; thus, for instance, Tim17-1 and Tom20-4 appear to be stress inducible in Arabidopsis . Many of the plant mitochondrial protein import components are encoded by small gene families, and it appears that, at least in some cases, one gene from each family is induced by stress, although the functional consequences of this are unclear. It may simply reflect a case of subfunctionalization, where different genes are expressed with no functional implications. Alternatively, it is possible that the resulting protein isoforms from the stress-induced transcripts display alternative specificities with respect to protein import. Different protein isoforms of the plastid envelope receptors have been suggested to have different specificities for different subsets of proteins (Jarvis and Lopez-Juez, 2014) , and a similar theme may exist with the isoforms of the plant mitochondrial import apparatus.
While the factors that control the expression of the components of the mitochondrial protein import apparatus under normal or non-stress conditions are not known, the promoters for many genes encoding these components contain site II elements (Giraud et al., 2010) . These elements have been shown to bind to a family of plant-specific transcription factors called TCP transcription factors [named after transcription factors TEOSINTE BRANCHED 1 (TB1), CYCLOIDEA (CYC), and PCF (PROLIFERATING CELL NUCLEAR ANTIGEN FACTOR, PCNA)], of which there Protein import into mitochondria | 6325 are 22 in plants, and can act as activators or repressors of gene expression (Martin-Trillo and Cubas, 2010) . Various TCP transcription factors bind to clock components involved in diurnal regulation (Pruneda-Paz et al., 2009; Giraud et al., 2010) and are also involved in regulating growth, as they are responsible for regulating the expression of ribosomal proteins (Martin-Trillo and Cubas, 2010) . TCP transcription factors interact with auxin (Koyama et al., 2010) and redox (Viola et al., 2013) signalling and are generally positive regulators of growth. Also, a study showed that the glucose-TOR (target of rapamycin) signalling pathway that controls root meristem activity activates many genes of the mitochondrial protein import apparatus (Xiong et al., 2013) . Thus, while the direct transcriptional regulators of the mitochondrial protein import apparatus have not been defined, it appears likely that they are co-regulated with other components that are require for cell growth and division. It is notable that, in mature tobacco leaves, a diurnal regulation of mitochondrial protein import has been reported, which is not generally observed in studies with Arabidopsis or pea mitochondria. This may reflect the fact that import assays are often carried out with young, fast-growing tissue that is probably very active in mitochondrial protein import. However, in mature tissue, mitochondrial protein import may be diurnally regulated. Thus, the best models for gene expression and genetics such as Arabidopsis may miss some of the physiological advantages of other plants such as tobacco, where mitochondria can be isolated from a single leaf and import activity assessed.
Mitochondrial signalling: linking biogenesis to activity
Multiple examples are emerging of interactions between the mitochondrial protein import apparatus and respiratorychain multi-subunit protein complexes in plant and nonplant systems (Kulawiak et al., 2013) . Examples of such interactions include proteins that have a dual function (i.e. proteins or protein complexes that have two distinct functions), proteins that are dual located (i.e. located in both protein import and the respiratory-chain complex, or targeted to two different subcellular locations), or proteins involved in structurally linking both protein complexes to form supercomplexes within the inner membrane. One elegant example of dual-functioning proteins is the cytochrome bc 1 /MPP complex (see above). The specific reason for maintaining a linked system for electron transport and protein processing is not understood, but it may be an indication that the activity and biogenesis are linked (Kulawiak et al., 2013) . In yeast, a similar example is seen with complex II (succinate dehydrogenase) of the respiratory chain: Sdh3, which is involved in electron transfer is also a subunit associated with the TIM22 complex involved in MCP biogenesis (Gebert et al., 2011) . A study also identified Tim23 from Arabidopsis as having a dual location, i.e. associated with the protein import machinery and the respiratory chain, interacting with complex I and the supercomplexes I and III . Furthermore, the complex I subunit B14.7 (Meyer et al., 2008; Klodmann and Braun, 2011) is also associated with the TIM17:23 complex . Additionally, the import components Tim21 and Tim21-like proteins interact with complex III and possibility other respiratory complex intermediates (Murcha et al., 2014a) . It was proposed that the interaction of Tim23 within respiratory complex I may in fact be a mechanism to co-ordinate mitochondrial activity and biogenesis, as the abundance of complex I was inversely related to the abundance of Tim23, and thus this interaction may act to regulate the abundance of respiratory complex subunits by directly regulating the import or precursor proteins Wang et al., 2012) . Notably, attempts to strongly overexpress Tim23 in Arabidopsis have been unsuccessful (M. Murcha and J. Whelan, unpublished data) . However, just a 2-fold increase in Tim23-2 protein due to a T-DNA insertion in the 5'-untranslated region results in a large upregulation of many genes required for mitochondrial biogenesis, specifically nuclear-located genes required for transcription and translation of mitochondrially located genes, as well as genes encoding a variety of protein import components . This increase in transcript abundance was accompanied by an increase in mitochondrialocated gene transcript abundance, mitochondrial translation, and the rate of protein import. In yeast, it has been reported that it was the abundance of the inner-membrane translocases that were limiting for import, and this was also observed in plants, where an increase in Tim23 in a variety of mutants was accompanied by an increased rate of protein import . Finally, it has been reported that a decrease in import observed in pea leaves was due to a decrease in mitochondrial Hsp70, an essential subunit of the TIM17:23 complex (Dudley et al., 1997) . Thus, TIM17:23 would seem to be a focal point to determine the rate of protein import into mitochondria, and emerging evidence indicates that it may be involved in regulation of this process by interactions with complex I. As noted above, Tim22 also appears to co-migrate with complex I, suggesting that a link for carrier protein import may also exist.
While the link between respiratory-chain complex I and TIM17:23 can be viewed as a mechanism to link activity and biogenesis, the nature of the signal is still unknown. Notably, the transcriptome changes that accompany overexpression of Tim23-2 appear quite similar to the developmental pattern observed in seed germination, where early after imbibition there is a peak in expression of components required for mitochondrial biogenesis, i.e. genes encoding components required for transcription and translation of mitochondrial genes, and transcripts encoding components of the mitochondrial protein import apparatus . Thus, it appears that, during active mitochondrial biogenesis, mitochondrial transcription and translation appear to be enhanced. It has been proposed that organelle translation may act as a mitochondrial retrograde signal to alter nuclear gene expression (Battersby and Richter, 2013) . In mammalian systems, stalling of mitochondrial ribosomes results in altered nuclear gene expression that appears to be distinct from any energy deficit that would occur from mitochondrial translation due to the lack of essential respiratory-chain subunits (Richter et al., 2013) . The changes in gene expression were observed prior to any significant steady-state decrease in mitochondrial protein abundance that should occur. Likewise, altered translation activity in mitochondria and chloroplasts simultaneously has been proposed to elicit a retrograde signal in Arabidopsis (Pesaresi et al., 2006) . Reducing the rate of mitochondrial translation in Arabidopsis by approximately 50%, using a mutant heterozygous for LETM, a protein required for the translation of mitochondrial protein in Arabidopsis and in which protein abundance is linked to the number of functional alleles, elicits a retrograde response (Zhang et al., 2012) , although notably very few mitochondrial components were changed. Also, reducing the expression of a nuclearencoded mitochondrial ribosomal protein altered translation of mitochondria-encoded proteins differentially, with ribosomal protein being overaccumulated and proteins involved in oxidative phosphorylation being reduced (Kwasniak et al., 2013) . Thus, it would appear that an increase in mitochondrial translation causes an increase in mitochondrial biogenesis, but a decrease may alter different pathways. Thus, while the nature of the signals that results from mitochondrial translation is unknown, clearly it is important and merits more study. The fact that a variety of inner-membrane proteins, including LETM and Oxa, are involved in mitochondrial protein translation, and at least one of the LETM isoforms contains an EF-hand calcium-binding domain (Zhang et al., 2012) , suggests that protein translation and import from the cytosol may be triggered and/or coordinated with protein translation in mitochondria (Kuhn et al., 2009b) . The interaction of a variety of inner-membrane translocases involved in mitochondrial protein import or export may provide the platform for this signalling pathway.
Conclusions
It has been over 20 years since the first reports of protein import into plant mitochondria (Table 2) (Boutry et al., 1987; Whelan et al., 1988 Whelan et al., , 1991 and substantial progress has been made with reference to understanding the molecular machinery responsible for this process and how it differs in detail from the model systems in yeast. Some progress has also been made into understanding how the expression and abundance of these machines are controlled or regulated. An emerging theme in all systems is the existence of higher-order structures of various protein complexes that are dynamic in nature and may form the catalysts for signalling processes that are beginning to emerge. Also, while there is now recognition that mitochondria differ among tissues, they are also likely to differ substantially among cells, and a major goal in the future is a detailed examination of how mitochondrial activity and signalling differs in the various cells that make up leaves, roots, and other plant tissues.
